a9y United States
a2y Patent Application Publication (o) Pub. No.: US 2011/0259469 Al

US 20110259469A 1

HARTY et al. 43) Pub. Date: Oct. 27, 2011
(54) METHOD AND SYSTEM FOR TANK (32) US.CL ..., 141/4; 53/403
REFILLING
(57) ABSTRACT
(76)  Inventors: Ryan HARTY. Lf:)ng Beach, CA Disclosed 1s a simple, analytical method that can be utilized
(US); Steve Mathison, lorrance, by hydrogen filling stations for directly and accurately calcu-
CA (US) lating the end-of-fill temperature 1n a hydrogen tank that, in
turn, allows for improvements 1n the fill quantity while tend-
(21)  Appl. No.: 12/982,966 ing to reduce refueling time. The calculations 1nvolve calcu-
_ lation of a composite heat capacity value, MC, from a set of
(22)  Filed: Dec. 31, 2010 thermodynamic parameters drawn from both the tank system
o receiving the gas and the station supplying the gas. These
Related U.S. Application Data thermodynamic parameters are utilized 1n a series of simple
(60) Provisional application No. 61/326,375, filed on Apr. analytical equations to define a multi-step process by which
21, 2010, provisional application No. 61/332,919, target f1ll times, final temperatures and final pressures can be
filed on May 10, 2010. determined. The parameters can be communicated to the
station directly from the vehicle or retrieved from a database
L _ _ accessible by the station. Because the method 1s based on
Publication Classification direct measurements of actual thermodynamic conditions and
(51) Int.Cl. quantified thermodynamic behavior, significantly improved
B65B 17/00 (2006.01) tank filling results can be achieved.

***************

- NN NN NN NN | NN

mzuz — m1 2 ]

Control Volume Boundary

______
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk
####################################################

-----
N N N N N NN 4 NN NN NN ..

oo et e e e e AR e W OMCRE T N N R N N -
---------------------------
o e R R R

####
e e

***
w
PaE AN -
kkk
o
ol xTx
R
g x ke
ol
Ty

ol
| ; o B
' . ‘ ok v v x
) )

Ty

********

X dr i e
########



Patent Application Publication

jhfdm

Fil

li-q.

Oct. 27,2011 Sheet1 of 18

US 2011/0259469 Al

Control Volume Boundary

U, — N1,

Jr Jr X X o
******* * :: :****: :: :***:*: :::*:****: :: : :
e e e e e e e e e e Yy

Use of Tadiabatic to Calculate Q
T vs Time for 35MPa Type 3 Fill at 25C

160

it
-
-

e
Pl
-

g
.
K
i
..F- .
K
LS
*
il
o
<
v
..
-

=)

[}
=
',
G

80

Tank Temp (C), Pressure (MPa}

~ 1 Adighatic

T Final {3nmin

T T e Tl Tl T Tl Tl T Tl T T T T e T Tl e Sl e e e Rl e T Tl e Tl Tl T T T T T e Tl T Tl e

'y

Fill from 2MPa

start at 25C using
no precooling

L T T T T T e T T S

- = m m

=m,C (T

adiabatic

ﬁnaf )

S P

total heat

L e T Fingl Can .
6 D - % jésl . ‘ Sttt ““““H”::::":":":":':"'"'"':':':':':':':':""'": s :":";."."“:.H._."..":“":::::::““H“““”““ X 1: r an Sf er f r O m t h e
40 hydrogen can be
i foried of P T '
P e Endo e = 3min P R
20 ;_“______“_______“___“_______“______________“_______“_____________“___, - N oo descrlbed by
; « T Adiabatic t T
A e radiabatic O ipal

O 500

12G0

1800

Time (s)

FI1G. 2

2400 3000 3600



US 2011/0259469 Al

Oct. 27,2011 Sheet 2 of 18

Patent Application Publication

' M, L R R

.”Hu._unu.m! . . d o " omomomem

._._u..u..u_. u_.u.. " " . L
L S S - rromrFrr
” .”””’.””H’. .’.’”’. .’.”’. .H . I1I1I111I1l1
e e e .
Y l1l1l1l1l1l1
X RN R
i e e e T e T e e e e e T e e e T e T e e e e T T R N N
e 5
oo o ._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._-._--._-l--._-l-._-._-l-._-._-l-._-._-l-._-._-._--._-u-- '
L o ol
¥ lll_._w ! »'m
. e B | S
¥ Ea ]
: A A e R I
-
u e e -.—.._.#...#...x.....rH.rHtH.rH.rHtH.rHth”.q...
. N N N N N N N N N N . (N
e dr o dr S O b M O 0 S S b S 0 0 S S 0 0 0 b O 0 b 0 S 0 S 0 b 0 S b 0 W b O 0 b 0 W b b 0 b M W b e B dr b A b o M ok o M o M
; R BB
ol ol b odr o bk kil ik ik ik hk ik ik ik y o ook R
. e L P L N N S E D 0 E P P . {0 N N L
; s
. e N A
Jr dr dr Jr dr dr Jr dr dr Jr Jdr dr Jr Jdr o dr Jr dr dr Jr dr o dr Jr dr o dr Jr dr o dr Jr dr o dr Jr dr o dr Jr dr dr Jr dr o dr Jr dr o dr Jr dr o dr Jr dr o Jp Jr Jp Jp Jp Jp dp dr dp dp dr Jdp dr e dr dr o dr dr dr dr o
: e
. e I I N N
. L S S S S ey g S Sy e M i
. L S e S e o S o )
. e s A
. L S e S S g b b b g g g gty e i i
. N e e .
. N N N o S A
. N I I  a  a o I I I I o o I o a  l  al  sal S eyt ey e it Y
. N e I T o T el e e Y
. e R S a  a
. A e e L o I e e et i i e i Y
. N e L T ol Sttt o
drde b b b b b b b b F B B R R I I I I I ) PR I I R U
: e e e e
. N A S P N . o e e
. N P et Y
. N e S e PN o I LT ol ol ol cnl i ¥
. N I I ot ot ot o o et el i I . (P o
. Nl el et N o
I R R R R T N N I T I R R R N T N T N TR DR T R U PR I I R U
. T N R N P N N N N N 0 N JE NN LI N N N N NN
" ....r....r....r.;..r.;..r.:..r.;..r.;..r.;..r....r....r.:..r.;..r.;..r.:..r.;..r.;..r.;..r....r....r.:..r.;..r.;..r.;..r....r.;..r.;..r....r....rb..rb..r#.r.._ .r....r....rb..r.;..r.;..r.;..r....r.;..r.;..r....r}..-.._.
. R A R R R e e
" ....rH.r....r.;..r.;..r.:..r.;..r.;..r.;..r....r....r.:..r.;..r.;..r.:..r.;..r.;..r.;..r....r....r.:..r.;..r.;..r.;..r....r.;..r.;..r....r....rb..rb..rb..r“ H.r.:..rH.r.;..r.;..r....r.;..r.;..r....r....r.:..rb..rb..rb..r....rb..rb..r....r .r.rH.r....r.;..r.:..rb..r.;..r.;..r....r....r....r....r”l.“
.

drodr B o dr br o Jr b b o dr 0 Jr 0 0 0 0 0 dr b 0 0 0 0r e 0r 0 0 0 0 0 0 0 0
=

drodr o dr o dr o dr o dr b 0r e o 0r o 0r 0 0r 0 0 o 0r 0 O

" 2 = 2 m 2 ® & = =2 =& = aE =& ® I

A & b dr b b W oS b W o
= a

]
]
.
]
.
b
.
]
b
]
]
.
b
]
.
]
r
r

sinside

LinegWall

Environment

v

tronment

E v




Patent Application Publication

Combincd mass and
specific heat capacity = MC

K
o
i
]
.;
by

L]

1

1

L]

1

1

1

L]

L]

L]

L]

L]

L]

L]

L]

L

S
mmmmm

Oct. 27,2011 Sheet3 of 18

US 2011/0259469 Al

Characteristic Volume

(mathematical entity — not actual
mass or volume)

TEmimnmem

\A

e,
ol ok nhh e kb ahh b kb ahh shh ok b b llalelel

> QEnvimnment

diabatic Boundary

FIG. 5

MC v. Time for 35 MPa Type 3 Fill at 25°C

MC(t) increases with

t
|
e,

- L

. -

-'—.'—"

Tank Temp (C) — Pressure (Mpa)

—

L

—

L

time as the tank cools

...
o

End of Fill MC = 62

nd of Fill Time = 3 min

. all
”ﬁiiittllniani\‘..'. Temp@rature

li‘.
I...-.-
* 8
L
L ]

Pressure

MC (kJ/K)

Time

FIG. 6



Patent Application Publication  Oct. 27,2011 Sheet4 of 18 US 2011/0259469 Al

MO vy Fill Time, SAE J2601 Type B Station

-50.1

D """""""""""""""""""" /- .
U 5 10 15 20 25 30 35 40
Fill Time (minutes)
Test Matrix
Initial Fill Amount

O 2MPa 1/2 Tank
S € 25C,No
52 Precooing | || |
o B J
Q.
C O

resoolng |1l
""" O Precooling

FIG. 8

Te



Patent Application Publication  Oct. 27,2011 Sheet 5 o0f 18 US 2011/0259469 Al

MC vs Uadiabatic/Uinit

64 - 7 —
e, | y=03361x+53844  *\
R*=0.8996

£ 60
=
g
< 58

56 .......................................................................................................................

54 -

0 10 20 30
Uadiabatic/Uinit
FIG. 9A

MC vs Uadiabatic/Uinit




Patent Application Publication

100 .

R

AMC (kJ/K)

Oct. 27,2011 Sheet 6 of 18

B

t-180s

1000 2000 3000 4000

FIG. 10

Gaps Between Existing Standards and Desired

Forklift
Stations

Mo Cooling

=
e

Many
Current
D35 Stations and
FCP  Bus Stations
(NO
FPrecooling)

Precooling Temperature

Operating Conditions

—) Station Operating
Envelope

_ Current Fueling

S
4

R AT A Ly P
e
e o e %&
o R RE A - S .
ekt 1%&*.%?,%-:5&5&%’;- S | E ‘

Siss Advanced Al gorithm

Most of the Precooled
Stations in US Today

Some of the Future
Stations in the US
Tomorrow

25MPa

35MPa  50MPa

Fill Pressure

FIG. 11

TOMPa

US 2011/0259469 Al



US 2011/0259469 Al

Oct. 27,2011 Sheet 7 0of 18

Patent Application Publication

alnssald buipu3 - ¢ 18Ul -
soljsualoeleyn DN Jque| -
alnljetjadwa | Yeog pP|oD) X -
alnjeladwa | Yeos JO0H Xe -
alnssald jue] |eniu] - SWN|OA Mque] -
alnjeladwsa | JusIquyy - dMN -

aJnssald buiuels -
1nd}nQO J18|002%8.1d -
14 Jo Adeyju3 -

uonels ayl Aq a|gemouy

NO3 o} pajelbajul J0N — '0}8

Y
5

L]

¢l DId

9[0IUS A 98U} AQ 8|geMOoUM

'4-Al 'SVYAH '8podieg ‘Ql4y — uohediunwiuwod ahels

e

LT T

ol
a
a
a
a
c

e
,%:x"-‘ﬁ_?-
R

a
u
-
-]
o
F
F
u
F 1
F.R -
Hl

.
it
i

a

i
1
ok

ot

s e

w
u
w
-
u
w
a oW
wre
u
u
w
-

-’

KT
i ; -
:-'\--'_).'3::
s
e
=
H

S

;

: ity H .

i

a¥dP IFECD

AP AP IFLLY FDD
[

E L
U PYPRPIUYEUILY P
¥ U uU¥a

E -
E .

-’

u

L e
¥ = L]
L Y u



€1 'OI4 (T dars s

US 2011/0259469 Al

A ?UN&N
0,68 03 501D " sozrund( (07 + DM — ="
NNEMBDE I_I Dﬁﬁ&@mﬁ@&%rwbugm
it

. I d1e[nore) 5 o2~ 1 )3 L R— = o+ )= O
ow dInyeraduid) JNEQEIPE a21ejnoje’) N@EE@S DHDGUIPY g %@EQ@ ] = JHpauipy SOA
& A29 4
= ~ - _ _ _ -~ __ 21upgnipny,
m ASI9Ud TeuwId)ul dneqeIpe Jje|nore) T I S
= PAIJAI[AD 3q 0) 2200
5 Adeyiud o3eIdAR Jlewisy < 1 )27 ,PPD ="y
2 . (d' L)Y g
<

ASJ19Ud [BUIdIUL [RIJIUL dJB[NI[B)) (1 g Ly ity _ iy
SSEWl [euonippe a1enoje’) Ay — Y — PPPyy
gOOM = )OS u—ow.ﬁmu— 19§ __wa%tmwwxq X [ = A2y
SSewl [enIUL e[nofe) (g M )Md X 4 = "M

dInjerddwio) YOS 104 10 () = 2y WUy 4 Merqwn y _ g

}obae ) ajey buijang — poyisiy DN 3y} buiA|ddy

Patent Application Publication



DOS %001 = 7>"d asaym .
\Ngm& T Q@MKEQC i g 103D ] J .—NM OMm

19318 ] AINSSAIJ dje[Noje)

US 2011/0259469 Al

(‘DVu + HN)
NNENrNDE I_I QQQQEQQHH.N D\FQS

_ 111 N
[ )]0 + uﬁ;@ q E P w 18,

U T 31RINaTR) [ouy g

srmeroduo] ONRQRIPE JJB[NO[R) N&NE@.\%@& <IDGDIPD J %@EQC 7 — 2DYDIPD 7
D944
N%Q@%@wt 4 Ui 1L g

ppv
PIIAL[IP 24 0] - _ 3wy,

Adrempua aSeroae oyewunsy (d L)Y uyg
KNE J Q11 rN%.NES _ huly uonej§

A3I12Ud [RUIUI O1IBQRIPE JB[NO[R)) = IR

Oct. 27,2011 Sheet9 of 18

ASI0U9 [eUINUI [RNIUT dJR[NI[R)

ssewr reuonippe ajemorey M — Y = PP EEE_.H_ 1X9 .
Sseul

Jiui J1U] 11
P1O92 [enIul jenore) g L) X
dInjeraduwio) Jeos pjoo 19 () = IV 7177y

1obJe | aianssald — _oo..zms_ Os_ oy} buiA|ddy

NZ\:E

_ Jua1quin T = E\:rN

Patent Application Publication



US 2011/0259469 Al

Oct. 27,2011 Sheet 10 of 18

Patent Application Publication

1/371 “ordwexd 107 ‘Aq 3id 9onpai1 ‘(7 doyg woxy AEOSPIO0IIEL y 1931 1 1y

15 w.ﬁw,ﬁ SINSSOI] mﬁﬁz.—\—mom eNoTe) %@E ] 7 Qm%\mﬁmé J = 10340 ] J m ,H N OH rm_”
(DVW+ DN oy

UL QYRINOTRY) 4y TN+ PHPIP Aoy A
Ju1 10
DN d1BINaTe)) (0,2 = [)8 + 5 oV +0=0N
dunjerddwd) oneqeipe aenofe))  (PMPIPIPPR “HPIvIpt g %@&& ] = HPaPIPP
i __ oupquIpp
AGIUd [eW]alul Olleqgelpe 3le[No]E’ ) N\%Qﬁﬁﬁg mEBzSEi
PAIJAI[IP 9q 0} PPP 1y -
%&mﬁg JBRIDAR JJRWINSH ﬁ &HXQ%@SN =Y paads
111 §J1U1 11 1] ___H_ v_mom H—OI _ucm
A310uo Tewroyul TenIul demore) (g MM )M = Mn 10618 8inssald Yeos
ssewr Jeuonippe emoe)  Fuw — Yl = PPl PIOD YiiM SWOdINO

pajoadx3 ay) Ss19S
%001 = DOS 10818} 10§ P8I x4 — oy

Ssewl [eniul enoe) (M g M Prd X 4 = Py
dInjeradwdl Jusrquuie sy Merqmr y ity

(2 d91S wouy biELy Buysn welawe) —uul) yeog J0H uo paseq awl] |14 39S (g dais



T NS pajoadxyg aenofe)) (¢
10 ANsua 04001) 198IR L, 2INSSAIJ YOS PO Ae[ndfe)) (7
(0,68 o paseq) SUILL, [[T] JLOS J0H AB[NO[RD (] @ M @Hm

US 2011/0259469 Al

Oct. 27,2011 Sheet 11 of 18

odm?@__ﬁmvcoommvme_k___m
oo 0SC 002 05l  00L 0§ 0

0

w I2POA Q o] @&

Lk
] )
I Sy :ﬁ. SH IR ORI TEITE [T A TR BT | oA
=
i-.'. :

1
e, o 0 Ay T T Ty T B T Wl ol Ml el el gl gl el e yd ] §

| | .a- .......

...1..
e —

mmrmm———— m—— e g m e ————— ————— ————— mmmmrr e —————

e temimr i ——— e . . - - e

0 02 Ol

(edW\) 84nssaid (9D) ainjeladws |

T
[eEL )P
ol
il
i
e
T
. i
i
gL
s e
“alifugatie et v,
M ..tl.F'
|'§”-WJ.WWM:@§M& 1 Itg:::;%!'r!: R T LA
i

I w — punog Yeos joH M rmr

AZZON DY MRIqUIY HSE “YIelS BJINS — ¢ 9dA L, e JINSE

08 0. 09 0% OF

Patent Application Publication

¢ I BdINGE JOINSIY

peay vie(q uoneis 550 ], Ble(] S[oYy2A




US 2011/0259469 Al

Oct. 27,2011 Sheet 12 of 18

Patent Application Publication

el Y Y LY L e |

dMVIN

NS

J pa1oadxy are[nore)) (¢

10 AJISUSCT 9%001) 193J8 ], 2INSSaI Yros PIo) 2qenoe) (7
(0,58 uo paseg) SWILL, [[I] JeOS 10H a1e[nofe)) (|

05¢ 0

(Spu0das) oWy 1

O¢.

:

3JNSS3Ud HUE| emm

m

osk 00F 0%

i

AILEAIL AT BT e L R e S e EL L EH T LT

0S

_bem dgmuozm_

00L

(edW\) 8inssald (D) ainjesadwa |

N e e e e e Ty e T LRy

L ek LSt B e L

ety

L1 DId

QINSSAI] I[ZZON

aImieIaduay
J|ZZON OBBIIAY

2INSSATS
AqUue ], [eNIU] QUINJOA JUR],

peay Bl UOHBIY SSOLL Ble(] 2QPIYIA



US 2011/0259469 Al

.27,2011 Sheet 13 0118

Oct

Patent Application Publication

Lol et
e R e

H by Ly narel b o v e o et el e ar] e

bt 2L e e e e per e i e

—_
[y

(dMVIN
10 A31sud(d %001)

0S¢

1[NSaY patoadxsy aenore) (¢
195JR ], 2I0SSaId Yeo§ P[oD Ae[nd[e) (T
(D,$8 uo paseg]) WL [[1 YLOS 10 a1enore ) (|

001

05

M

;
|| 2INSSAId HUR] e e w
| dwa] yue| -~ w

P |9POIA | &

:

?ﬁjﬁﬁgﬁffﬁﬂaﬁ.ﬂ.;(.ﬂﬂﬂ?..-..I-...-.-.-.-..I..-.-..-...-l..-..-...-. et g telh
]

S O A T T R T e e

el e e e e |

; ; o
- ! - - . i e
] H - - Lt rje. e g Hip s e
- L . 1] 1= [ L/ N o I o] Ny - o
ol b ¥ 5 e, H . s 5 . .....r.w...m..."...u.u.._......u...
R kX i - K - it ; = - T s
W . 1 i1 Nl . i 1} o e i
- - - s = T
E H : 403 4 .n..”.n.... o s 1
- H e —r
1 . A -Hn-._.. r
E ! LS PP or e
sy e i oo TR e i z
e e e : . B T R
T L D Dl LS i : e P2 Loy Ko LW L OO B
B et oo i sy = e s i LD o e T
; i e T T e e e S e o e e S oy 1 i e e RO et T -.....r_.....u.mum...... a...-..ﬂ. e T i
- R e e T o TR A 7 o i 2 i . o y = e M T o T HR
? e e R b g i, SRR e SR e R
RLERELITh e b .._..“.. ..ﬂ. d o .‘i oo Sk ......_“.. ek __...‘.... g R R, ....."H."m. 2 R, e S T T e e e e R e e et et ...u............-.-...m.............. B A TR CE LT TR LRI o ‘
o L - o T e e e Sl s i s 3
| B e o Tl = Ey T A s Cr S, m e L e e k] LeF
3 o i 7 0 T A T £
d S ¥ L, IO
: A R i
e
iyl S — - — 2

DR -

punoy eos 10H |

H

G 11T BdINOL JO HIS9Y

2

ANZZON DS’ L~ YRIqUIY DS ‘11elS BJIALT = ¢ 2dA L edIAN0L

e b L DRV L R Ty o e B e ]

O€

17

09

(edIN) 8inssald ‘(D) ainjesadwa |

dINL'9L
08

06

31 DId

QINSSAIJ

S[ZZON

AT RNIEN =

Sur ], [PO]

QINJRIAGUWIR T,

peay vled uohely

mm UT1}SQ ] WOL])

L2

SSO T BIR(] S[OIUIA




US 2011/0259469 Al

Oct. 27,2011 Sheet 14 01 18

Patent Application Publication

S08 1+
009  00PC  00CT

6l DIA

(S081-1) SADI

Nuin/aieqelper
0¢ 02 0T 0

= 2 m
s ]
E =

- 2
1)
;
=
=
e e S o o D e e S D e e e
[=.
a - z
— [=
R =
Sl =
[ in =
[=
L o e ;
e LR &
HiA 52, o n

(M/r%) OIN

e

=
it

juin/dneqetpen sa



Patent Application Publication

Modeling Error
SAE J2601
Development
Placement and
Time La_g Error
Thermocouple
Standard Error

~ Thermocouple

ST S I

M":ll,_s

T S L P

s

P

il e e e el E R e S S RETCRTR

1 B

iy
i

r

g I I S R

o H: A A T
i

-

"
:
L !

k3
b
N

iR B EE N :

St e T Ve e e e e e D e e et - e O e
A ) 5 :

£

but slight

Ry TSIEAT

e

kY

s

-
3
-
E)
-

R

L

nal = CONSErvative temp

overshoot of target density (p7,001)

(RS TTE A RS oL Lo T

A e e el

B Ve s BT S e
P PR T

exgn: S

5
uk
—

L N L RV LEAE T
By )

1
nal

]

DY Rt R T IT)

-
-

Error in Calculated Temp Using MC Method

CE
'\..'.
pEE
i

e P S

¥
1

B e T 1

H

n;zZE}”rOV — TF

i
H

4

Overestimate 7+

Tr

) 4044 /vy

e e T L e N e e e A T e e e D e el el e L e e SO e T D L

Larger Differences

E o
o [
i i
fay R H St = E b
i x 7 A S A e |
v g i i e
H i X BrbirH sl tat i e
E i : g
B =
i T '-"-':'-.1;:5:-':;::-:-5."".:_.:":'-::' erei M LN YRR th R A L R
H S [ S ? ;
H -
Vi o N i FAE LR L LRI At e e A
% BRI A
: i :
P P . e, . e e
Fheziei sin 1 R B R S R G MRS H R
1
i i
i ':
i I e i
::
mrommm ez mmnn e SO
-

AR IS DAY ...-'.._E-S_.-.\..E::r_:.- DTt e AT R IR
i St

'"E:\_-"':'\.' T '\.'.-'.':':'.{":.'.'.'.':l:'a.'.'\.':-\.:.':'\.'.'\.:.':'.'.:'\.-'.'\.'\.:'. = I'.-"'\.".'\. PR A

i ;
= i
i i e
5 i : i
E"‘:" ke SR "'E‘.'\;'-"'\-'-C='.'-"'--'-'-:a-.i".-.::-:':=::-:_-'.3'.:3'-::..;-_:-_::-_.---\.-:-::\_--:\_-.-:;:.-:-.-;-!-.-,-..-;.-,-.;::....:h,.::._;......:......-;,-_..:',._-\_..-.::-c.;.\,:h._,d:i._-_._;..::.: ap e IR e D TR T
z. = i = i i
< .‘: o s '-f‘“" --'-'-:.:1 i
pH P e 1.%: {; i {{:r’i . -
, Heined i
3 ,\{ i i ;! :
3-_5. ;:\,;::'.E'.'.E.-_.:;_::'.- ""::"'""-""'=:"""':::559’§ EFPSRHIL A ERCRE FEERITA AN B i.:-";f.::="""":.:§:"":'::'“Z=E e A Y
o =
3 HH = .
.E. ;'\'é .::3:::5;.. - .:.% .-_.}:E:\.l:. - .%_—_ .t ._-‘:' e .-_..
Wy
Eba ey
i
g n R e e ersrsetlemey rrmenes S

e
n ...-.n-\.wu-.-\.-\.m-....-...u-\...gk.-...-\.m.....m.-\...-..-\.mw\..-\..-c.-\..-\...-\.unwu.-u.-\..-\...-\...

St A i A

Oct. 27,2011 Sheet 15 0f 18

caused by thermocouple
placement of 109L Tank

......

i iy

o e !
oo
it .:.'.!.ii!.i!.“ii.i“ sl g

i ot o

e n N e . rme
H LR 1 T . . . - d
: H & : E B
: : = T -

.
i
oty

|||||||||||||||||||||||

htly over 77,.q. but

1£
ty (/O 1 argef)

nal ~— Sl

i

CINS1

Undererestimate 7
undershoot target d

-

US 2011/0259469 Al

Teinat — 1% Error
Density

=
-
»
u
.
QO
=
ap

n




US 2011/0259469 Al

Oct. 27,2011 Sheet 16 of 18

Patent Application Publication

(M/r3) DIN
97

juy|
Hurf MO+ X
UIS ZHL %0k X

OW %01~ |
ON %0L+

Ul i e i e ke i ekl '}

yue] + odA] 10]
SIOXIF INdUJ SNOLIB A JI0] DA “A JOLIG P#d |

1l
1A L |y ""i" s
i

CO OO (WO <F N O N = O o0 O

(M) Joug /*¥4y

1¢ DId

ON

(M//
19

. el
S =t e ...H.. o AT o o o B BT B o e T o oo oo P o B o o oo T e o T o e
= oL Cxy
o ) g

e ey :

s = i

; 2 .
L

HUrf M01L-
JHULL MOL+ &
UlS ¢HL %01~
WIS CHL %0L+ ¢
O %01L-
O %0L+

e e e e e S e e e L S S R D S

yue] € 9dA ] I0J]
SIOLIF] INAUT SNOLIBA I0T DN A JOLIG (P#d |

O 0 W < N O N < W o0 O

(M) 40413 1#)



Patent Application Publication  Oct. 27,2011 Sheet 17 of 18 US 2011/0259469 Al

*  Majority of tank systems
** Stationthroughput improvessinge customer can still fuelif pre-coolingcapability fails outside the tolerance allowedin
12601, Costalso improvessince pre-cooling system can be downsized and operated at optimaltemperature,
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Internal Energy of Hydrogen u{k)/kg) = u(T(K),P(MPaa)) = [(-0.000000251102*P + 0.00003270544*P +
0.020635744157)*T + (0.000110237178*P° + -0.014948338423*P + -0.706955972653)]/(2 * 1.00794)*1000

Enthalpy of Hydrogen hikl/kg) = h(T{K},P{MPaa)} ={4.92522E-15*PA5 - 0.0000000000016076*PA4 +
0.000000000214858*PA3 - 0.0000000146189*PA2 + 0.000000454324*PA1 -
0.00000987705)*T*3+{0.00000000055184*P~4 - 0.000000141472*P~3 + 0.0000132881*P*2 - 0.000497343*PA1 +
0.0108438)*T/2+(0.00000000202796*PA5 - 0.000000664561*P"4 + 0.0000901478*P13 - 0.00639724*PA2 +
0.225139*PA1 + 10.4372)*T+(-0.000000255167*PA5 + 0.0000852825*P74 - 0.0119306*PA3 + 0.894471*pA2 -
27.6592*pPA1 4+ 112.034)

Temperature of Hydrogen T{K) = T(u{kl/kg),P(MPaa))} = (CLDOCIC101148‘*“F’2 -0.000148149*P + 0.0876624642)*u + (-
0.0047605417*P° + 0.6412591317*P + 34.3729762461)

Density of Hydrogen = p(kg/m*3) = p(T(K),P(MPaa)) = P*1000/((8.314/(2*1.00794))*¥T*((5.15401806214819E-
28*(1.8*T)"4 - 1.3150180571689E-24*(1.8*T)A3 + 1.27273435029312E-21%(1.8*T)A2 - 5.55685616698696E-
19%(1.8*T) + 9.24572639059417E-17)*(P*0.145037743897283*1000)4 + (-1.9122168897314E-23*(1.8*T) 4 +
4.91138876984723E-20%(1.8*T)A3 - 4.79768947207089E-17*(1.8*T) 2 + 2.12330577989168E-14*(1.8*T) -
3.60842277195044E-12)*(P*0.145037743897283*1000)"3 + (2.35758137570084E-19%(1.8%T)"4 -
6.11164262901718E-16*({1.8*T)*3+6.04725560888185E-13*(1.8*T)"2 - 2.72588547111097E-10*(1.8*T) +
4.75813030824455E-08)*(P*0.145037743897283*1000)72 + (-4.85408615612733E-16*(1.8*T) 4 +
1.2130030793229E-12*(1.8*T)3 - 1.10759228185334E-09*(1.8*T)A2 + 3.92998672260481E-07*(1.8*T) +
1.92718769514065E-06)*(P*0.145037743897283*1000) + (-5.93033800788672E-14*(1.8*T) 4 +
1.44179866941074E-10*(1.8*T)3 - 1.30532114392034E-07*(1.8*T)*2 + 0.0000516720636738832*(1.8*T) +
0.992795943835443)))

FIG. 24
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METHOD AND SYSTEM FOR TANK
REFILLING

PRIORITY STATEMENT

[0001] This application claims priority pursuant to 35 U.S.
C. §119(e) from U.S. Provisional Patent Application Nos.
61/326,375 and 61/332,919, the contents of which are incor-

porated by reference, 1n their entirety.

BACKGROUND OF THE INVENTION

[0002] The safety and convenience of hydrogen tank refu-
cling are recognized as important considerations in determin-
ing the ultimate success of hydrogen fueled vehicles 1n the
marketplace. Under current safety guidelines, the refueling of
compressed hydrogen tanks are to be conducted in a manner
that prevents the tank from overheating (temperatures
exceeding 85° C.) during refueling and/or from overfilling the
tank to a point at which the pressure could exceed 125% of
normal working pressure (NWP) at any time. Because of the
number of unknown parameters associated with conventional
hydrogen tank refueling procedures, the refueling operations
tend to be somewhat conservative, thereby trading perfor-
mance and efliciency, particularly with respect to end of il
density (SOC %) and/or unnecessary levels of pre-cooling,
for an increased safety margin. A SOC of 100%, for example,
corresponds to a tank at NWP and 15° C.

[0003] This tradeotl 1s especially significant 1n non-com-
munication fueling operations in which the parametric
assumptions are even more conservative. Because the hydro-
gen station does not have information about the tank that 1t 1s
filling, very conservative assumptions need to be made for the
system 1n order to encompass the range of possible tank
configurations and 1nitial tank conditions to avoid exceeding
the system safety limits. In SAE TIR J2601, the disclosure of
which 1s incorporated herein by reference, 1n 1ts entirety, these
conservative assumptions are incorporated into a series of
lookup tables for hydrogen tank filling. Working from param-
eters including the tank volume, starting pressure, ambient
temperature and station pre-cooling set point, the lookup
tables are then used for determining a pressure ramp rate and
final target pressure. While application of these lookup tables
tends to provide for safe refilling under virtually all condi-
tions and for virtually all tank systems, given the conservative
nature of the associated assumptions, the resulting hydrogen
tank filling operation may take longer, achuieve lower final fill
pressures and/or require lower hydrogen station pre-cooling,
temperatures than necessary to {ill a particular tank system.
[0004] An additional limitation of the refilling procedures
defined by SAE TIR 12601 1s the lack of any method or
procedure for a hydrogen tank filling station to compensate or
adjust for situations in which its actual operating conditions
tall outside of the allowed tolerances. For example, 1f the
pre-cooling temperature 1s above the design set point as the
result of multiple consecutive refills, the lookup tables
defined 1n SAE TIR J2601 cannot be used. Efforts to avoid
this out of specification condition can lead to an overdesigned
hydrogen tank filling station (excessive cooling for ensuring
that the pre-cooling target temperature i1s maintained),
thereby driving up station cost.

[0005] Conversely, failing to ensure that the pre-cooling
target temperature 1s maintained can inconvenience custom-
ers that are unable to refill their tanks 1n a timely manner (as
a result of delays waiting for the pre-cooling temperature to
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come 1nto specification), thereby reducing customer satisfac-
tion, station revenue and/or repeat business. Further, operat-
ing a station with a constant pre-cooling temperature regard-
less of current ambient conditions results in excessive energy
usage and reduced well-to-wheel energy efficiency. In order
to reduce energy use, a hydrogen tank filling station should be
operated at the highest possible pre-cooling temperature that
provides both customer-acceptable refueling times and a sat-
1sfactory safety margin.

BRIEF SUMMARY

[0006] The MC Method as detailed infra provides a new
tank filling model based on the total heat capacity of the
hydrogen fueling system and an advanced algorithm based on
that model for improving the performance of hydrogen filling
stations under a broad range of operating conditions. This
algorithm, as applied stepwise 1nthe MC Method, can be used
to enhance fueling performance pursuant to SAE TIR J2601
through the use of additional thermodynamic information
about the tank system. The MC Method works at virtually any
tank system Normal Working Pressure (NWP) and with any
compressed hydrogen tank system, and 1t allows fueling at
conditions that operate outside of current SAE TIR J2601
tables, such as new stations with —10° C. pre-cooling, or
previously existing stations without the pre-cooling capabil-
ity as specified in SAE TIR J2601. Utilizing the MC Method
will permit hydrogen filling stations to improve their fill
speed and fill quality (SOC %), while enabling lower cost
hydrogen stations to meet those needs.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Example embodiments described below will be
more clearly understood when the detailed description 1s
considered 1n conjunction with the accompanying drawings,
in which:

[0008] FIG. 1 illustrates the modeling of a hydrogen stor-
age tank during refueling as an open system with an unsteady
flow control volume model. For the purpose of this disclo-
sure, the control volume 1s defined as the boundary between
the gas and the liner with heat being transterred through the
boundary of the control volume and into the liner of the tank.

[0009] FIG. 2 illustrates a temperature v. time curve for a
hydrogen tank refueling procedure, reflecting use of the adia-
batic temperature 1n calculating the heat transfer with the heat
transierred from the hydrogen being described by Equation
[5] 1nira.

[0010] FIG. 3 1llustrates a constant heat flux model showing
temperature distribution dependent on time with adiabatic

boundary condition with a conservative assumption of no
heat transfer from the outside of the tank so that the actual

final temperature 1n the tank 1s expected to be slightly lower
than the value calculated 1n light of this assumption.

[0011] FIG. 4 illustrates a temperature distribution of a
section of a composite tank immediately after a vehicle refu-
cling.

[0012] FIG. 5 illustrates a simplified representation of a
hydrogen tank having an 1maginary characteristic volume of
combined mass and specific heat capacity MC, with adiabatic
external boundary.

[0013] FIG. 6 illustrates a typical vehicle fill in 3 minutes
with a Type 3 tank that produces an end-of-fill MC value of 62
that then tends to increase as the tank cools. This trend of MC
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v. time 1s characteristic for a given tank system, and can be
used 1n predicting the temperature result of longer vehicle
tueling times.

[0014] FIG. 7 1llustrates MC v. fill time for a “default” SAE
TIR J2601-70 MPa Type 4 tank. This graph 1s derived from
the Type B (7-10kg) 70 MPa station tables of SAETIR J2601.

[0015] FIG. 8 illustrates a potential Test Matrix for tank
characterization

[0016] FIGS.9A and 9B illustrate MCv. U_ .. . . /U _for
fills of a Type 3 tank from which the coelficients A and C can
be determined for both longer fill times, using a linear
approximation, and shorter fill times, using a logarithmic
approximation.

[0017] FIG. 10 1llustrates AMC v. time for fill times having
a duration of more than 3 minutes from which the coefficients
g. k, and 1 can be determined for describing the behavior of
MC for fill times 1n excess of 3 minutes.

[0018] FIG. 11 illustrates a comparison of the hydrogen
station operating envelopes to the existing refueling stan-
dards, showing several gaps 1n the coverage of existing or
anticipated operating regimes.

[0019] FIG. 12 illustrates information required for fully

utilizing the MC Method for determining a fueling protocol
under a given set of conditions.

[0020] FIG. 13 illustrates the MC Method first step—de-

termining the fueling time based on a higher than ambient
temperature soak condition.

[0021] FIG. 14 illustrates the MC Method second step—

determining the pressure target based on using a colder than
ambient soak assumption.

[0022] FIG. 15 1llustrates the MC Method third step, using

the pressure target from the second step in determining the
expected result and, 11 in excess of the target pressure, reduc-
ing the target density and recalculating in an iterative manner
to match the pressure target at the final temperature.

[0023] FIG. 16 1illustrates the results obtamned from a 35
MPa Type 3 Tank Fill under a 35° C. ambient with 5° C.
Pre-cooled Hydrogen and 5 MPa Start Pressure. 15, ,targetis

69.2° C., bounded by Hot Soak at 74.3° C. and Cold Soak at
62.3° C.

[0024] FIG. 17 illustrates Resultotf 50 MPa Type 4 Tank Fill
from 30° C. Ambient with —15° C. Pre-cooled Hydrogen and
2 MPa Start Pressure. T4, , target1s 86.7° C., bounded by Hot
Soak at 89.0° C. and Cold Soak at 83.0° C. Note that the target

pre-cooling temperature was —20° C., which verified the dii-
ficulty 1n practice ol keeping a specified pre-cooling tempera-
ture.

[0025] FIG. 18 illustrates 70 MPa Type 4 Tank Test from
25° C. Ambient at 17 MPa Start Pressure with -7.5° C.

Pre-cooling. 1, target1s 76.6° C., bounded by Hot Soak at
81.0° C. and Cold Soak at 70.0° C.

[0026] FIG. 19 illustrates Calculation of the Constants of
the MC Equation (Equation [11]) for the Type 3 Tank shows
that the data generated during verification filling under dii-
terent conditions compliments the data that was used to gen-
erate the constants originally. The model 1s robust to different
conditions.

[0027] FIG. 20 illustrates Error between 14, ,; as calculated
by the MC Method and the actual measured final temperature
at the end of the fill.

[0028] FIG. 21 illustrates a Sensitivity Analysis of Type 3
and Type 4 Tanks to Input Errors Using the MC Method.
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[0029] FIG. 22 1llustrates a comparison of fueling methods
showing the impact of adding the MC Method to existing
fueling protocols.

[0030] FIG. 23 illustrates a relationship between nozzle
temperature deviation from pre-cooling temperature, tlow
rate, pre-cooling temperature, and ambient temperature mea-
sured during {ill testing. This relationship 1s, of course, depen-
dent on the specific implementation of components for a
given fueling station or test stand.

[0031] FIG. 24 illustrates equations of a curve {it to the
NIST Hydrogen Property Database for hydrogen gas utilized
for determining internal energy (given temperature and pres-
sure), enthalpy (given temperature and pressure), tempera-
ture (given internal energy and pressure), and density (given
temperature and pressure) of hydrogen gas.

[0032] It should be noted that these Figures are intended to
illustrate the general characteristics of methods, structure
and/or materials utilized 1n the example embodiments and to
supplement the written description provided below. These
drawings are not, however, to scale and may not precisely
reflect the precise structural or performance characteristics of
any given embodiment, and should not be interpreted as
defining or limiting the range of values or properties encom-
passed by example embodiments.

DETAILED DESCRIPTION

[0033] The goal of the methods and systems detailed 1n this
disclosure are to provide and utilize both a filling model and
an associated algorithm that can be used by a hydrogen tank
filling station or, indeed, any gas tank filling operation, to
improve the accuracy of the end-of-fill temperature and pres-
sure for arange of hydrogen tanks and a range of ambient and
operating conditions. Implementation of the methods and
systems detailed below during hydrogen tank refueling
events will improve the efliciency, accuracy and/or safety of
the refueling operation by avoiding overfilling and avoiding
overheating the hydrogen tank.

[0034] Accurately estimating the end-of-1ill temperature of
a refueling event 1s difficult, which 1s why communication
refueling has been developed, where temperature and pres-
sure information 1s directly transmitted to the hydrogen tank
filling station via one or more commumnication device(s)
including, for example, the Infrared Data Association (IRDA)
interface detailed in SAE TIR J2799, the disclosure of which
1s incorporated herein by reference, 1n 1ts entirety. The corre-
sponding lack of such temperature and pressure information
1s the reason that non-communication fueling protocols
requires large margin of safety, particularly given the addi-
tional unknown parameters including, for example, the tank
type, the tank size, the aspect ratio, the number of tanks, hot
or cold soak status. Although full-communication fueling can
be used to provide the tank parametric data to the hydrogen
tank filling station, full-communications fueling adds more
cost and complexity to both the station and the vehicle and
raises additional concerns, particularly with regard to the use
of 1n-tank sensors. Accordingly, there remains a need for a
method that provides for sufficiently accurate predictions
regarding the temperature of the hydrogen 1n the tank during
refueling without requiring full-communication protocols
and hardware.

[0035] In order to provide an accurate prediction of the
temperature of the gas, both the amount of energy that has
been transierred to the tank and the quantity of heat that has
been transferred from the gas to the wall of the tank are
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estimated. Many studies have been conducted 1n trying to
understand and quantily the end-of-fill temperature. By mod-
cling a hydrogen tank as an open system 1n unsteady flow, as
illustrated 1n FIG. 1, 1t 1s possible to estimate the amount of
energy that has been transferred to a tank by measuring the
enthalpy of the incoming hydrogen stream and monitoring
the temperature of the tank. For the purposes of this disclo-
sure, the control volume 1s defined as the boundary between
the gas and the tank liner with heat being transferred through
the boundary of the control volume and into the liner of the
ank. The total heat transfer in and out of the system, Q, 1s
reflected 1n Equations [1] and [2].

|
Q—W:f hgfﬁm—f hidm + AL stom, 1]

and setting m, =0 and W =10

2
= —f hdm + (maun _mlul)ﬂw [ ]

where
(Q=Total heat transfer in and out of the system

10036]
10037]

(kJ)(Hear transfer out of the system is negative by convention)

[0038] W=work done to the system (kJ)

[0039] m_=mass exiting the system (kg)

[0040] h_=enthalpy of the fluid exiting the system (klJ/
kg)

[0041] m =mass entering the system (kg)

[0042] h=enthalpy of the fluid entering the system (klJ/
kg)

[0043] m,=mass of the fluid 1n the control volume at the

initial state (kg)

[0044] m,=mass of the fluid 1n the control volume at the
final state (kg)

[0045] u,=internal energy of the fluid in the control vol-
ume at the final state (kJ/kg)

[0046] u,=internal energy of the fluid in the control vol-
ume at the 1mitial state (kJ/kg)

[0047] cv designates the state of the control volume.

[0048] The enthalpy can be determined by measuring the
temperature and pressure of the hydrogen 1n the tlow stream,
preferably at a point close to or at the tank 1nlet, with the mass
flow 1nto the tank being measured or calculated from 1nitial
and final conditions. To estimate the final temperature of the
gas during or after a refueling procedure, the actual heat
transier, QQ, from the gas into the tank wall needs to be esti-
mated. Because Equation [2] only gives information for the
internal energy state of the tank a tool, such as the National
Institute of Standards and Technology (NIST) Thermophysi-
cal Property Database, 1s used to look up the temperature
from the internal energy properties of the target gas, e.g.,
hydrogen. A curve {it to the NIST data used here for internal
energy 1s illustrated 1n FIG. 2. The difference between the
adiabatic internal energy and the measured internal energy
(u, at measured temp and pressure) 1s the quantity of heat that

1s transferred from the control volume, and can be determined
from test data.

3
Ugdiabatic = M1U] + f nidm ]

i
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-continued
mzzm1+fcﬂm:ml+m; 4
Q:mE (Hadiabaﬁc_ HE) :mcv(uadfﬂbaﬁc_ HE):mchc( Tadfa_
batic— Tﬁngf) [5]
[0049] where
[0050] u, . . . =adiabatic internal energy—if there was

no heat transierred from the system (kl/kg)

[0051] m,=m_ =end-of-fill mass of hydrogen in the con-
trol volume (kg)

[0052] T . . . =adiabatic temperature—if there wasno
heat transier from the system (K)

[0053] 14, .~hydrogen temperature at the end of the fill
(K)
[0054] C =Specific heat capacity of hydrogen at con-

stant volume (kJ/kgK)

[0055] FIG. 2 illustrates a Temperature v. Time curve for a
hydrogen tank refueling procedure in which the adiabatic
temperature, T, . . . 1susedincalculating the heat transfer.
The heat transierred from the hydrogen can be described by
Equation [5] as detailed above. This provides a tool for ana-
lyzing actual test data to determine the amount of heat that has
been transierred from the hydrogen gas out of the control
volume, or 1nto the structure of the tank. Note that the adia-
batic internal energy 1s based only on 1nitial conditions of the
tank (initial mass of hydrogen and 1nitial temperature) and the
conditions of the hydrogen delivered from the station (en-
thalpy and fill mass). There 1s no dimension of time 1n the
adiabatic condition, and so 1t 1s an approprate reference for
results for all time periods. IT a reliable method to predict the
heat transier can be found, then it should be possible to
directly calculate the final state of the hydrogen 1n the tank.

[0056] 'lo calculate the end-of-fill gas temperature (1, ).
it 1s necessary to estimate the amount of heat that 1s absorbed
by the tank wall. One method of calculating the total heat
transier 1s to integrate the temperature distribution over the
tank volume at the end of a vehicle refueling procedure. In
2003, General Dynamics conducted a series of tests aimed at
understanding the relationship between final tank tempera-
ture and filling time with the results being reported in
Eihusen, J. A., “Application of Plastic-Lined Composite Pres-
sure Vessels For Hydrogen Storage,” World Hydrogen Energy
Conterence, 2004 (Eihusen), the disclosure of which 1s incor-
porated herein by reference, 1n its entirety. As detailed in
Eihusen, a series of filling tests were conducted while mea-
suring the temperature of the gas and of various locations 1n
the hydrogen tank wall.

[0057] These results indicated that during a refueling
operation, the heat transfer process was a process in which the
temperature of the outer surface of the tank did not rise,
indicating that no appreciable quantity of heat was being
transierred through the tank wall. Based on these results,
General Dynamics proposed a heat transfer model for pre-
dicting the temperature distribution within the tank wall
which was based on a Green’s Function solution to the gen-
eral heat equation with a constant heat flux on the nside
surface and an adiabatic boundary on the outside surface. See
Equation [6]. A constant heat flux model showing tempera-
ture distribution dependent on time with an adiabatic bound-
ary condition 1s 1llustrated 1n FIG. 4. Note that the assumption
of no heat transfer from the outside of the tank 1s conservative,
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meaning that the actual final temperature 1n the tank will tend
to be somewhat lower than the final temperature calculated
using this assumption.

T(x, 1) = [6]

QDL{ at n l(f)z _ 2 + l — 3 N i[ms(mrr%)]fm%zg} + 1o

L 3 =t me

m=1

[0058] where
[0059] T(x,t)=ITemperature at liner depth=x, time=t
[0060] g,=Normalized heat flux of the liner (determined

from testing)

[0061] L=Thickness of the liner

[0062] k=Thermal conductivity of the liner

[0063] a=Thermal diffusivit y of the liner

[0064] T, =Initial temperature of the liner
[0065] Inherent in this approach 1s the assumption that
given an 1nitial set of conditions (hydrogen tank temperature,
tuel gas temperature and pressure) the fueling temperature
result and the temperature distribution result 1s purely depen-
dent on time. The amount of heat transferred to the liner
during a refueling procedure could be estimated by integrat-
ing the temperature distribution over the volume of the liner.
General Dynamics found that for the given set of tests, this
model predicted the final tank temperature within 3K. The
assumption of a constant heat flux (or of temperature depen-
dence only on time) 1s, however, both interesting and prob-
lematic. Different initial conditions (temperature of the tank,
initial fill mass of the tank, temperature and/or pressure of the
incoming gas) will produce different temperature gradients,
and hence a different average heat flux. Further, the heat flux
would depend on the conditions of the boundary layer
between the gas and the wall—a change 1n the velocity, den-
sity, or temperature of gas flow over the wall resulting from
torced and/or free convection inside the tank would result 1n
a corresponding change in the heat transfer. As these condi-
tions do tend to vary during the actual tank filling procedure,
the heat flux will also tend to vary over the course of the filling
procedure.
[0066] Furthermore, hydrogen refueling tests by the Japan
Automobile Research Institute (JARI) as reported 1n Hirot-
ani, R., et al., JARI, “Thermal Behavior in Hydrogen Storage
Tank for Fuel Cell Vehicle on Fast Filling,” World Hydrogen
Energy Conference, 2006, the disclosure of which 1s incor-
porated herein by reference, 1n its entirety, revealed a signifi-
cant temperature distribution within the gas itself, up to a30K
difference throughout the tank, which would influence the
heat flux. The presence of such temperature distributions
turther complicates the analysis of data as well because 1t
renders 1t difficult, 1f not impossible, to know precisely how
accurately a particular temperature measurement taken inside
the tank represents the bulk properties of the tank.
[0067] Relative to the bulk temperature, 1f the thermo-
couple 1s measuring a temperature that 1s warmer or cooler
than the average bulk temperature, the calculated values will
obviously be less accurate. Although it 1s customary to
assume that temperature measurements taken at or near the
centerline of the tank will represent the average (bulk) gas
temperature, the magnitude of the error(s) associated with
this assumption are unknown 1n practice. Data taken during,
the development of the method and system disclosed herein
reflected show unexplained errors of 5K between the ther-
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mocouple output and the expected bulk gas temperature.
Modeling efforts by the SAE TIR J2601 committee similarly
reflected errors of up to 9K between the modeled temperature
and the measured data despite the use of thermocouples that
have an accuracy of approximately £1K. These real world
complications to the temperature gradient modeling make 1t
difficult 1n practice to apply a heat transter model for directly
estimating the temperature distribution 1n order to calculate
the end-of-fill temperature (with reliance on one or more
temperature signal(s) during communication fueling opera-
tions introducing a degree of uncertainty).

[0068] One objective of the JARI testing was to analyze the
impact of utilizing different refueling patterns while still
keeping the same overall fueling time. An 1interesting result of
the JARI testing indicated that, given the same 1nitial condi-
tions and a set filling time, the temperature of the gas at the
end-of-filling 1s similar, regardless of the particular filling
pattern used in conducting the filling operation.

[0069] Analysis presented by St. Croix Research to the
SAE TIR 12601 Commuttee, Powars, C., “70-MPa Hydrogen
Tank Filling Model and Test Data Observations—SAE TIR
12601 Modeling Sub-Team Meeting, Sep. 15, 2008,” St Croix
Research, 2008, the disclosure of which 1s incorporated
herein by reference, 1n 1ts entirety, also shows that the outer
tank temperature does not rise significantly during a vehicle
refueling.

[0070] While complex heat transfer models and analysis
were previously proposed to explain the results of these tests,
the mnovative approach described herein 1s based on analyz-
ing tank refueling processes using a simple lumped heat
capacity model, the development of which 1s described 1n
more detail below and further i1llustrated in the associated
figures. The utility and applicability of this novel solution can
be confirmed by using the JARI, General Dynamics, SAE and
St. Croix Research results to show that the simplified model
based on lumped heat capacitance detailed herein models and
predicts the heat transfer characteristics of the system with
suificient accuracy. Additional testing and analysis of fueling,
data was conducted and the results further verified that this
new method of using this lumped heat capacitance model 1s
suificient for accurately describing the thermodynamics of
hydrogen tank refueling systems and improving the associ-
ated refueling processes.

[0071] Consider a tank that has just completed a vehicle
refueling 1n a short period of time. As 1llustrated 1n FI1G. 5, the
inside of the tank 1s much hotter than the outside of the tank,
due to the conversion of pressure energy to sensible energy of
the high pressure hydrogen that was just recently 1njected into
the tank. Calculating the actual temperature distribution 1s
difficult because 1) there 1s a temperature distribution
between the hydrogen in the tank and the liner due to bound-
ary conditions, 2) there 1s a temperature distribution through
the liner, contact resistances between layers, 3) there 1s a
temperature distribution through the various layers of the tank
and 4) there 1s a temperature distribution between the outside
of the tank and the environment due to the outer boundary
conditions. And as discussed previously, there may also be a
temperature distribution within the hydrogen in the tank 1tself
on the order of 30K. Fach layer has a different specific heat
capacity that might also be dependent on temperature, and
cach layer 1s composed of a different mass. Given all of these
complexities, 1t 1s exceedingly difficult, 1f not impossible, to
calculate the precise temperature distributions through the
wall of the tank.
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[0072] The biggest difficulty 1n considering a heat transfer
model based on a precise calculation of the temperature dis-
tribution 1n the wall of a hydrogen tank 1s that 1t requires a
solution to the temperature distribution for the entire time
domain of a refueling event, a solution which 1s difficult to
achieve 1n practice. Accordingly, the method utilizes a com-
bined mass and specific heat capacitance model, as shown in
FIG. 5, which illustrates a simplified section of a tank wall
having an 1maginary characteristic volume defined by its
mass (M) and specific heat capacity (C) and an adiabatic
external boundary. The temperature of the characteristic vol-
ume will be the same as the temperature of the gas, for
example, hydrogen.

[0073] This section of the tank wall, the characteristic vol-
ume, will have a combined mass and specific heat capacity,
MC (kJ/K). Note that the characteristic volume and the asso-
ciated MC are mathematical constructions only. Given
knowledge of a tank design and the materials used in the tank
construction, 1t 1s possible to provide a reasonable estimation
of the MC value. In the method disclosed herein, however,
there 1s no need to calculate the exact mass and specific heat
capacity of the tank because the characteristic volume simply
acts as a heat sink, allowing 1ts characteristics to be used 1n
predicting the thermal behavior of the tank system.

[0074] Inapplying the method the temperature of the char-
acteristic volume 1s set to be equal to the temperature of the
hydrogen 1n the tank at the end of the vehicle fill. This means
that the characteristic volume has both high thermal conduc-
tivity and high convective heat transfer coeilicient. In addi-
tion, Q... =0, meaning that no heat 1s transferred out of
the characteristic volume during the fueling (adiabatic
boundary). As discussed supra, there 1s very little heat transter
to the environment during the refueling operation, allowing,
this component of the heat transfer to be 1ignored. In an illus-
trative example, the heat transier equation 1s solved for the
target or preferred end-of-fill condition of, for example, a fill
time of 2 or 3 minutes, plus some adjustment for longer {ill
times as deemed necessary. For the purposes of this disclo-
sure, a target fill time of 3 minutes has been used, but those
skilled 1n the art will appreciate that the method can be easily
utilized for longer or shorter fill times.

[0075] When applying a characteristic volume in this man-
ner, the heat that 1s transterred from the hydrogen mass, m_,,
into the characteristic volume can be described by the tem-
perature rise during the fueling of the characteristic volume
with a combined mass and specific heat capacity of MC.

O=MC(1 grarLinidial) [7]
[0076] where
[0077] MC=Combined Mass and Specific Heat Capacity

of the Characteristic Volume (kJ/K)
[0078] T,
(K)

[0079] 1,0
cling (K)
[0080] By applving an energy balance across the boundary
of the control volume, and combining equation [5] (energy

transferred from the hydrogen) with equation [7] (energy
transterred to the characteristic volume) results in:

_~lemperature at the finish of the refueling

=Temperature at the beginning of the refu-

Q:m‘?*"(”dﬂﬁabaﬁc_ﬂﬁnaf) CIICTHY transferred from the
hydrogen control volume [5]

Q=MC(T4,,T,,,) energy transferred to the charac-
teristic volume [7]
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Py (Hﬂtﬁﬂbﬂﬂﬂ - Hﬁna.{) [8]
(T finat — Tinit)

MC =

MC can then be determined directly from test data for a
particular refueling procedure by using Equation [8], which 1s
the ratio of the heat transferred from the hydrogen to the
temperature change of the characteristic volume. For Equa-
tions [7] and [8],T,, . =1, .. .. The temperature, pressure and
MC behavior associated with a 3-minute fill of a Type 3 tank
1s 1llustrated 1n FIG. 6. As reflected 1n the graph, the MC 1s 62
at the end-oi-fill point, but then increases over time as the tank
cools. This trend of MC over time can, 1n turn, be used i1n
predicting the result of longer filling procedures. Once an MC
1s known for a given set of in1tial conditions, 1t can be used for

directly calculating the final temperature of refueling event.

Q:mcv(uadfabaﬁc_uﬁnaf) [5]

Q:mcvcv(Taﬂf’iﬂbafz’c— Tﬁnaf): another ldﬂlltlt}’ of cqua-

tion 5 [9]
O=MC(TsnarTinie) [7]
[0081] Combining equations [9] and [7] we get:
T _ My CvTadiabaric + MCTEHET [10]
final = MC +me,C, "

combining equations [7] and [9]

[0082] where

[0083] C =speciiic heat capacity of hydrogen at constant

volume, kl/(kgK)

[0084] Equation [10] can then be used to calculate the
expected final temperature of a hydrogen tank refueling just
as a {ill has started. The MC parameter and m ., (the end-of-fill
mass 1n the control volume) are transmitted to the station. In
a nonlimiting example, the MC parameter and m _ , are trans-
mitted by RFID, through the SAE TIR 12799 IRDA interface,
or via an 1dentification number that corresponds to entries 1n
a database that 1s readily accessible to the hydrogen tank
filling station. The hydrogen tank filling station can calculate
T . . . 1rom m_, and parameters including 1) the mitial
pressure of the tank recerving the hydrogen (e.g., the vehicle’s
tank), 2) the mitial temperature of the tank receiving the
hydrogen (assuming ambient conditions plus some differ-
ences due to the possibility of a hot or cold tank as discussed
in SAE TIR J2601) and 3) the enthalpy of the delivered
hydrogen, which 1s a function of the expected average tem-
perature and pressure of the delivered hydrogen (further
description 1s given 1n the Appendix provided 1n FIG. 24).
[0085] Certain characteristics of the MC Method make 1t
particularly usetul for gas delivery systems. For example, a
particular tank configuration will have a characteristic curve
of MC v. fill time from which adjustments can be made to
compensate for arange of initial conditions. Utilizing the MC
model avoids the need to address all of the intricacies of the
temperature distribution of the wall of the tank, especially
over a time scale associated with typical hydrogen tank refu-
cling procedures, e.g., two to three minutes or more.
[0086] MC isnotadirectphysical constant such as the mass
and the specific heat capacity of the tank and liner material but
1s rather 1t 1s a composite value, similar to an overall heat
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transier coellicient, that encompasses heat transferred to tank
valve assemblies and piping as well as heat transferred to the
hydrogen comprising the nitial gas volume inside the tank
being filled. Systems with slower heat transfer characteristics
(convection or conduction) will tend to result 1n lower values
of MC (such as Type 4 tanks) while systems with faster heat
transier characteristics (convection or conduction) will tend
to result 1n higher values of MC (such as Type 3 tanks).
Although MC 1s a function of a number of different param-
cters including, for example, time, fill conditions, tank mate-
rials, tank configuration, etc., for a given tank, fill time and set
of fill conditions, MC will be constant. The trend 1n the MC
value over both time and under ditferent fill conditions can be
predicted and, 1n turn, utilized for adjusting the hydrogen tank
filling procedures to improve efficiency while maintaining
desired safety margins.

[0087] Based on observations of several sets of test data
coupled with the use of multiple linear regression for evalu-
ating the significance of various parameters, many possible
physical models were considered for describing the MC v.
time curve and also describing the changes in 1nitial condi-
tions that were tested. In a non-limiting example, one model
1s represented by Equation [11], as shown below:

[11]

Ua iabatic _ ]
MC(U, r)=C+A£n[\/ Ud bat ]+g(l—£ KAty

initial

or, 1n an alternative non-limiting example, Equation [11]', as
shown below:

(Uadiabarfc) ke [11]°

MCWU, D) =C+A +o(l—e

initial

[0088] 1where C, A, g, k and 7 are constants derived from
characterization testing,
[0089] U Giaparc
CNCTZY—M W, ziabtic
[0090] U, . .1s the initial energy=m, .. u. . ,
[0091] Atis the difference 1n time between the normally
defined end-of-fill time (e.g., 3 minutes) and the end-o1-
{111 time that achieves the desired final temperature.
[0092] Inthe context of Equation [11], C 1s a constant that
represents a minimum heat capacity of, for example, a 2- or
3-minute fill, A 1s a constant representing an adjustment to the
MC corresponding to the maitial fill conditions and pre-cool-
ing amount and constants g, k, and j are, if necessary, utilized
within the MC Method to provide the ability to adjust the
resulting MC by extending the {ill time beyond 2 or 3 minutes,
so that T, ,; can be optimized around a desired temperature.
However, 1t 1s to be understood that those skilled 1n the art will
appreciate that there are many possible models that can be
developed to predict the trend of MC with time, internal
energy, pre-cooling temperature, etc. The MC Method 1s not
intended to, and does not attempt to, perfectly describe the
physics but instead provides an analytical engineering tool
that can be used for predicting the temperature outcome of a
particular filling procedure by approximating the equivalent
heat mass of the system.
[0093] One way to check a new model 1s to verily that the
model 1s capable of describing or predicting phenomena

documented 1n previous literature. The Society of Automo-

1S the adiabatic internal
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tive Engineers (SAE) conducted several sets of hydrogen tank
{11l testing at Powertech during the development of SAE TIR
12601, in support of, and to test the modeling efforts that were
being conducted to build the refueling tables in SAE TIR
J12601. By using the tables provided in SAE TIR J2601 as a set
of test fills and plotting the MC of each fill versus the fill time
using Equation [8], the results fall 1n a distinct pattern as
illustrated i FIG. 7.

[0094] This result 1s encouraging for several reasomns,
including but not limited to 1) because the MC Method
describes the actual results of the SAE TIR J2601 tests quite
well, suggesting that the model accurately represents the
physics of hydrogen tank filling, and 2) because the entire set
of tables 1n SAE TIR J2601 can be approximated using this
single equation. This result indicates that the equation utilized
in the MC Method can be used to describe the MC v. Time
over a wide range of conditions, and can be used 1n place of
the several sets of tables defined in SAE TIR J2601, which
require interpolation between the listed data to find the appro-
priate pressure ramp rate and end of fill pressure target.
Because the MC Method can adjust the fill time to match a
desired final tank temperature, 1t can be used for any station
configuration. This releases the fill protocol from reliance on
the rigid “Type A, B, C, D’ station type designations of SAE
TIR J2601, because the resulting fill temperatures can be
derived for a wide range of station conditions. Indeed, by
using the coeflicients of the MC v. time curve utilized 1n the
MC Method, a hydrogen tank filling station can directly cal-
culate the expected end-of-fill temperature (Tﬁmz ) using
Equation [10].

[0095] As will be appreciated by those skilled 1n the art,
using the SAE TIR J2601 tables to calculate a characteristic
MC curve provides a characteristic curve that corresponds to
a “default SAE TIR 12601 tank.” Accordingly, when this MC
curve 1s used in Equation [ 10], the fill results are substantially
the same as those represented 1n the SAE TIR J2601 tables.
The MC Method, however, 1s intended to provide for fill times
that are both shorter than predicted from the SAE TIR J2601
tables and provide for improved fill quality. In order to
achieve this result, the MC Method incorporates the specific
characterized MC curve corresponding to a specific tank.

[0096] A set of fill tests were conducted at Powertech dur-
ing Feb. 1-6, 2010 and Aug. 23-30, 2010 in order to charac-
terize a 171L Type 3-35 MPa tank, an approximately 109L
Type 4-70 MPa tank, and the same Type 4-70 MPa tank filled
to 50 MPa, and a 34 L Type 3-70 MPa tank. Each tank was
tested using pre-cooled and non-pre-cooled gas, at 25° C.
ambient, and 2 MPa starting pressure or 2 tank starting
pressure. Each tank was filled 1n approximately 1 to 3 minutes
at the given conditions and data recorded for 1 hour follow-
ing. Each tank was then defueled and allowed to soak at the
ambient temperature until the next test the following day.

[0097] Using Equation [8], the MC v. time was plotted for
each fill, as shown 1n FIG. 6. All of the tank fills follow a
similar pattern of MC v. Fill Time as shown in FIG. 7. The
resulting curve corresponds to the tank characteristic(s) for a
given tank under a given set of conditions. To find the coet-
ficients used in Equation [11], the MC for each end-of-fill at
3 minutes was plotted against the adiabatic internal energy
divided by the 1nitial internal energy, as shown 1n FI1G. 9. The
slope and intercept of the linear best {it line give the coelli-
cient A and the constant C respectively. The AMC v. Atime,
that 1s (MC, ;g0 5—MC 50 5)) V. (1-180 s), 1s then plotted as
shown 1n FIG. 10, and a best fit model 1s used to determine the




US 2011/0259469 Al

coellicients g, k and 7. These coelficients can then be used to
describe how much heat 1s absorbed by the tank 1n the time
beyond the typical fill time and are particularly useful under
conditions in which the ambient temperature 1s too warm
and/or the pre-cooling temperature 1s too warm to achueve an
end-of-fill temperature of less than 85° C. with a refueling
time of 3 minutes or less.

[0098] To use the MC parameters for improving the perfor-
mance ol a hydrogen tank filling station, a fueling protocol
needed be developed. A tueling protocol should provide safe,
high state of charge (SOC) fills, for a broad range of ambient
conditions and 1nitial fill conditions. Comparing the current
tueling standards with the actual operating ranges of existing
hydrogen stations, as illustrated 1n FI1G. 11, 1t 1s clear that the
current refueling standards do not satisly a broad range of
station fuel delivery operating conditions. Further, should a
vehicle manufacturer or modifier introduce a tank designed to
operate at another pressure of, for example, 50 MPa, the
tueling standard(s) would have to be rewritten to accommo-
date this modification.

[0099] In order to fully utilize the MC Method at an actual
tueling station, the MC parameters must be communicated to
or determined by the station 1n some manner. This data col-
lection could be achieved 1n a number of ways. In a non-
limiting example, RFID, or even the IRDA interface defined
in SAE J2799, may be used to transmit the MC parameters
from the vehicle to the station. There 1s a working group
within the Californmia Fuel Cell Partnership that 1s developing
a Hydrogen Vehicle Authorization System (HVAS) to be used
for confirming that a vehicle 1s authornized to fuel (OEM
vehicle or a conversion that meets safety requirements). The
HVAS specifications and device are still under development
but 1t 1s a candidate for communicating the MC parameters to
the station, either directly through the device or, alternatively,
by matching the identified vehicle to a database from which
these parameters could be retrieved.

[0100] FIG. 12 shows both the vehicle side and station side
information that may be used to fuel a vehicle based on the
MC Method. The station will have access to both the vehicle
side information through, for example, HVAS and station side
information through direct measurement. The process the
station goes through to determine the appropriate fueling
speed and end-of-fill pressure target 1s very similar to that
used 1n building the lookup tables in SAE TIR J2601. The
difference 1s that the assumptions utilized 1n J2601 are worst
case, and based on boundary condition tanks, whereas 1n
conjunction with the MC Method, the station 1s given some
basic parametric data and tailored assumptions for filling the
particular vehicle.

[0101] The MC Method can also readily accommodate the
communication of specific modification to the fill protocol
preferred or specified by the OEM. For example, i an OEM
imposes or suggests a maximum fill rate, develops a tank
system 1n which the maximum temperature can exceed 85° C.
or allows fueling to 103% SOC (if 1nside of the Maximum
Allowable Working Pressure (MAWP)), parameters related
to the OEM’s design or operating limits and/or preferences
can be provided to the hydrogen tank fueling station for
moditying the fill protocol accordingly. This flexibility puts
additional control of the outcome of the vehicle refueling
squarely into the hands of the OEM, so that fill stations
utilizing the MC Method can adapt the {ill protocol to accom-
modate the particular vehicle and thereby permit a broader
range of OEM designs.
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[0102] Inan embodiment, when applying the MC Method,
the fueling process can comprise two discrete steps. In the
first step, parametric data 1s used to determine an appropriate
tueling fill rate, 1.e., one that will not overheat the gas 1n the
tank. During the second step, the fueling {ill rate 1s used to
determine a target end-oi-ill pressure that will keep the sys-
tem pressure within the target pressure ranges. These two
steps are explained below 1n more detail.

[0103] Inorderto determine the appropriate fueling rate for
the projected fill operation, the hydrogen tank filling station
takes 1nto consideration both the capabilities of the vehicle
tank system and its own capabilities to deliver the fuel under
the current conditions.

[0104] The limits of refueling, as defined in SAE TIR 12601
and TIR J2579 are 85° C. and 125% of the NWP for average
gas temperature and pressure, respectively. In an illustrative
example, the station makes an assumption about the average
gas temperature inside the tank, based on measuring the
ambient air temperature and optionally adding a margin for a
hot soak condition (e.g., the vehicle has been parked in an
environment that i1s hotter than ambient, such as a hot garage
or parking lot). The station also determines the approximate
initial SOC of the vehicle, using the temperature assumption
and by dispensing a small amount of fuel to the tank to
equilibrate the hose pressure to the tank pressure. Based on
the tank pressure and vehicle side information, the station can
estimate how much hydrogen (mass) must be delivered to the
vehicle to achieve the desired SOC and, utilizing an estimate
of 1ts pre-cooling capability, the station can calculate the
average enthalpy that will be delivered to the vehicle’s tank
system during the {ill operation. Working from this informa-
tion, the station can then determine how quickly to fill the
vehicle while maintaiming the requisite safety margin.

[0105] As explained supra, the primary MC parameter 1s
based on a target fueling time with additional parameters
being used to account for the initial SOC and/or fueling times
that exceed the target fueling time. Starting with these targets,
the station analyses an 1nitial {ill protocol to determine 1f the
{11l can be successiully completed, 1.e., end-of-fill tempera-
ture within specification. I1 1t 1s determined that the maitial fill
protocol cannot be successiully completed, an iterative pro-
cess 1s mitiated to determine an approprate fueling time. For
example, if the fueling operation can be conducted 1n the
target time without exceeding any temperature limits, the
station will initiate fueling. If, however, the initial fill protocol
would cause a temperature limait to be exceeded, the projected
tueling time will be increased by some increment (e.g., 0.1, 1,
5, 10 seconds, etc.) and the new MC value will be calculated.
This incremental increase of the fueling time will continue
until a fueling time 1s 1dentified that will result in end-of-ill
conditions that are within specification, e.g., the end-of-fill
gas temperature 1s less than 85° C. This process 1s shown 1n
FIG. 13. The output of this Step 1 1s the 14,1 270¢ Soak Bowna
and the fueling or fill time.

[0106] In an embodiment, the appropnate fueling time can
be continuously calculated throughout the fill procedure
based on the actual enthalpy delivered to the vehicle. Accord-
ingly, even though the fueling time calculated at the begin-
ning of the fill should be a good approximation, the fueling
time (or rate of pressure rise during the fill) can be adjusted as
necessary utilizing a feedback loop based on the actual fill
conditions as they occur.

[0107] For the dispenser to make the assumption that the
upper bound of gas temperature inside the tank 1s ambient T
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plus a AT hot soak, it must know that the vehicle has not been
retueled 1n the recent past. It 1t cannot know this information,
then 1t should make a more conservative assumption, and
determine the fueling speed based on an empty or nearly
empty tank. Then, even 1f the vehicle was recently refueled,
the fueling speed will not overheat the tank.
[0108] If the recent fueling history of the vehicle can be
determined, a less conservative fueling speed can be utilized,
potentially shortening the fueling time considerably. There
are a number of approaches that can be utilized for determin-
ing the recent fueling history of the vehicle. A non-limiting
example 1s for the HVAS RFID tag to be time stamped each
time the vehicle 1s fueled. The dispenser can then read this
time stamp each time the vehicle 1s fueled and determine
whether to use a conservative fueling speed 1t the time stamp
indicates a recent refueling, or a less conservative fueling
speed based on the actual starting pressure 1n the tank if the
time stamp indicates refueling has not occurred recently.

[0109] Once the appropnate fueling time has been deter-
mined, the next step of the MC Method 1s to determine when,
or at what pressure, to stop the fill operation. The process used
by the station 1n this second step 1s similar to that used in the
first step except that the station assumes the gas temperature
inside the tank at the beginning of the fill 1s below the ambient
temperature, 1.€., a cold soak condition, which includes the
possibility that the tank has been soaked in an air conditioned
garage, or that the ambient temperature 1s rising and the
internal gas temperature lags the ambient. There 1s also the
factor of driving that may be considered 1n which the gas
temperature 1nside the tank has been reduced as aresult of the
decrease 1n pressure as the hydrogen was consumed. The MC
Method can be used to estimate the average temperature of
the MC and hydrogen gas during detfueling using Equation

[12]

U(T coasock» Pnwp) — Mg (Dhigys [12]
Usdiabatic(T) =
MinitCold
[0110] where
[0111] m_, ~mass exiting the hydrogen tank 1n time t

[0112] m_,~m_-m, . . ~=mass tobeadded during the
vehicle refueling calculated i the MC Method to

achieve 100% SOC
[0113] h__ =average enthalpy of the hydrogen exiting

extl

the tank

[0114] m, .-, ~mass in the tank just before refueling

[0115] t=time 1t would take to empty the tank from P,,;;
to the starting fill pressure P

Ir2if

M o4 [1 3]

[0116] where

[0117] m=tlow rate of hydrogen during defueling (g/s)

[0118] T, , .. .=assumed temperature of the vehicle
tank before defueling

I cotasoat — L ampien—N cota [14]

—

And combined with Equation [11] where the T, . .. 1s
determined by a curve fit to NIST data as betore, then'l,,,; 1s
1 s the average temperature of the MC and the gas 1n the tank.
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] Moy Cud a g ' +MC(1)] [ ]
_ cv~v*: Adiabatic Cold+ MUY 145 aak

FinatDefuelCold= - T
inatDefite MC+me G

[0119] Theappropnate AT __, ,parameter, and the defueling
mass flow rate m, will typically be determined by the OEM
and will be provided as part of the vehicle side information
transierred through HVAS or otherwise made available to the
filling station.

[0120] Once the 1nitial conditions have been determined,
the station can calculate how much mass must be added to the
tank to reach the target density of 100% SOC. If the station
has an accurate flow meter, 1t can simply integrate the mass
flow during the fill and stop when the target mass has been
achieved, however, the application of a flowmeter 1n this
capacity might have its own challenges. A second option is to
calculate a pressure target utilizing the same set of equations
as i Step 1. T, ,; can be calculated based on the tueling time
of Step 1, and then the P, ,, ., value can be calculated based on
the pressure that, in conjunction with T, ;. provides a 100%
SOC target density.

[0121] This process can be more easily understood by uti-
lizing the equations shown in FI1G. 14. It 1s important to note
that the pressure target can be continuously calculated
throughout the fill procedure based on the actual enthalpy
delivered to the vehicle. Accordingly, even though the pres-
sure target calculated at the beginning of the fill should be a
very good approximation, the pressure target utilized 1n stop-
ping the fill can be adjusted as necessary based on the actual
{111 conditions as they occur. The output of this Step 2 1s the
P s

[0122] In the case of a fill with communications, the 1nitial
temperature can be measured directly by the station. Because
this 1mitial temperature 1s a settled temperature, 1.e., a tem-
perature not subject to the dynamic changes associated with
vehicle fueling, 1t 1s typically reliable. In such cases, the T, ..
1s simply the measured 1nitial temperature and the hot soak
and cold soak assumptions detailed above need not be con-
sidered.

[0123] During the fill testing conducted during develop-
ment of the MC Method, a “Target T, _,” value was calcu-
lated 1n order to evaluate any errors between the expected
result and the actual result. This “Target 1,,,” 1s shown 1n
FIGS. 16-18 and FIG. 20 to demonstrate the accuracy of the
MC Method. In a normal “ID-Fill,” Step 3 1s unnecessary—
the station does not need to calculate an expected result as the
{11l protocol 1s tully defined by Step 1 and Step 2.

[0124] Using the fill rate from Step 1, and the Pressure
Target from Step 2, the expected 14,,, can be calculated.
Because the Pressure Target calculated 1n Step 2 1s usually
lower than the Pressure Target that was assumed 1n Step 1, the
resulting {ill will tend to exlibit a slightly lower SOC %
which, in turn, indicates that the gas density target needs to be
reduced to match the Pressure Target at a higher 15, , than
was calculated 1n Step 2. Because a change in additional mass
of hydrogen added affectsthe T . . .., for greater precision
it 1s necessary to complete the outlined calculations in order to
determine the expected T, ,; and SOC % target.

[0125] Aswill be appreciated by those skilled in the art, the
utility and flexibility of the MC Method provides many
opportunities for customization and refinement to encom-
pass, for example, fueling times of less than 3 minutes for

tanks that start filling at high SOC.
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[0126] To confirm the MC parameters calculated according
to the procedures defined supra, and to confirm the accuracy
of using these parameters in the filling algorithm detailed
supra, a lifth fueling test was conducted for each of the pre-
viously tested tanks using conditions of ambient temperature,
initial fill amount, and pre-cooling temperature that were
different than the conditions used in characterizing the tank.
Using the algorithms discussed supra and 1illustrated 1n FIG.

13, the expected final temperature T, ,, was calculated for
fills conducted at 35 MPa, 50 MPa and 70 MPa. For the Hot
Soak margin of safety to overheat, T, . =Ambient Temp+7.5°
C. was used, for the Cold Soak margin of safety to overtill,
1,,./~Ambient Temp-10° C. was used. For the target 1, ..
T, . =Ambient Temp was used in the algorithm 1llustrated 1n
FIG. 15.

[0127] The results of a 35 MPa Type 3 Tank Confirmation
Test are illustrated 1 FIG. 16. Although the original targets
were set for delivering 0° C. gas, the hydrogen filling station
being used for the evaluation was actually delivering nearly
5° C. gas, which would be outside of the SAE TIR J2601
tolerance o1 0° C.+£2.5° C. for a Type C station. This demon-
strates one of the practical challenges of defining a tight
tolerance on the pre-cooling temperature—it 1s actually dii-
ficult to achieve and/or maintain, even 1n test conditions. In
light of the noted capabilities of the hydrogen filling station,
the targets were adjusted for using 4.8° C. as the temperature
of the delivered gas, the 35 MPa tank fill actual temperature
measurement was within 1K of the calculated ‘I, ;. Further,
although fill completion was targeted for 180 seconds, the
actual fill was finished at 196 seconds. As a practical measure,
in order to achieve an optimum {ill time the Hot Soak Bound
should be set at 85° C., however, because the test was predi-
cated on a 3-minute fill target, the Hot Soak Bound is less than
85° C. The MC Method algorithm can be further refined to
improve performance for fill times of less than 3 minutes.

[0128] The results of a 70 MPa Type 4 Tank Filled to 50
MPa Confirmation Test are illustrated in FIG. 17. In this
instance, although the pre-cooler was set for —20° C., it was
determined that the pre-cooler was actually delivering —14.8°

C. gas on average. This result once again reflects the actual
difficulty of meeting SAE TIR 12601 tolerances of —20°

C.+/-2.5° C. for a Type B station. In light of the observed
performance, the temperature targets were adjusted to retlect
what —135° C. pre-cooling targets would have been, given the
same conditions otherwise. Although this rendered the Hot
Soak bound high at 89° C., this deviation 1s a relic of the

pre-cooling temperature being out of specification.

[0129] Also noted were changes in temperature in the tank
measured after the end-of-fill. These post-1ill deviations rep-
resent a practical source of error in temperature measure-
ments 1n a hydrogen tank that may result from, for example,
thermocouple placement, temperature gradients within the
tank and/or time lag. Given these errors, however, the actual
{11l result was still remarkably close to the target, further
validating the model. Additionally, 85° C. was not utilized as
a stop point 1n these fills, thereby allowing the tanks to reach
temperatures slightly above 85° C. These minor temperature
deviations were not considered problematic because transient
temperatures above 85° C. are generally known and allowed
pursuant to SAE 12579, the disclosure of which 1s incorpo-
rated by reference, 1n its entirety.

[0130] The results of a 70 MPa Type 4 Tank Confirmation
Test are 1llustrated 1n FIG. 18. As reflected 1n the illustrated
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data, the 70 MPa tank test temperature result was an essen-
tially perfect match for the calculated 1, ,, Target.

[0131] Comparing the data obtained from the 4 test fills
used to generate the constants of Equation [11] to the data
generated 1n the fifth verification fill and additional verifica-
tion fills, the results reinforce the concept that the MC 1s
characteristic for the tank and can be used to predict the
tueling result. This 1s demonstrated 1in the graphs i1llustrated 1n
FIG. 19 1n which the data generated during the Type 3 Tank
confirmation tests detailed above 1s consistent with the data
used 1n determining appropriate values for the various con-
stants utilized in Equation [11]. These results demonstrate
that the MC Method 1s sulficiently robust to be applied con-
fidently across a range of tank configurations and operating
conditions.

[0132] Looking at the error from all of the fills conducted,
as 1llustrated 1n FIG. 20, 1t 1s apparent that the MC Method
yields very accurate results for Type 3 and Type 4 tanks,
typically falling within a range consistent with that expected
from varnations in thermocouple placement and/or time lag
errors. As shown 1n FIG. 20, the MC Method Model error 1s
the difference between T, ,; as calculated by the MC Method,
and the actual final temperature result measured at the end of
the fill procedure. The actual pre-cooling temperature of the
station was used as the mput to the enthalpy calculation rather
than the pre-cooler set point, for the reasons described supra.

Known or suspected sources of error include, for example:

[0133] errors of the calculation 1n average enthalpy used,
[0134] calculation 1n mass of hydrogen delivered,
[0135] measurement of ambient temperature,

[0136] measurement of initial tank pressure,

[0137] measurement of final tank pressure,

[0138] measurement of final tank temperature (thermo-

couple placement, lag, standard error})

[0139] calculation of the MC from the best-fit coeili-
cients, and

[0140] difference between actual fill time and expected
{11l time (due to station bank switching, flow differences,
etc. ),

[0141] heat transier in or out of the hydrogen stream after

the station enthalpy measurement, and/or

[0142] differences in the actual tank temperature from
the assumed ambient temperature (hot spots, cold spots,
etc.)

[0143] Given all of these possible sources of error, 1t 1s
remarkable that the data generated during testing suggests
that a lumped heat capacity model can achieve a standard
deviation of errors 01 0.6K for Type 3 Tanks and 2.4K for Type
4 Tanks. The “Definition Error” as shown in FIG. 20 removes
the error 1n calculating enthalpy, calculating mass, and cal-
culating MC coellicients by using the test data to determine
the actual heat transfer, the actual average enthalpy of the fill,
and the actual MC value, and using those to calculate 1, ;.
This removes substantially all of the errors and approxima-
tions attributable to the calculations of the MC Method itself,
leaving only the measurement errors as the source of error.
This has a standard deviation of 0.3K for the Type 3 tank and
1.3K for the Type 4 tank. The remaining portion of the errors
1s likely a result of measurement errors, thermocouple lag
and/or differences between the assumed and actual condi-
tions (such as cold spots 1n the tank after defueling). It was
noted that as the pace of the testing increased the magnmitude
of the errors also tended to increase, possibly as the result of
differences between the assumed and actual conditions
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including, for example, residual cold spots remaining from
the defueling operations conducted between {illing tests.

[0144] A sensitivity analysis of the MC Method to varia-
tions 1n 1nput errors was conducted to examine the correspon-
dence between known levels of input errors and the resulting
output errors. As reflected in the data presented in F1G. 21, the
MC Method was relatively resistant to input errors with Type
3 tanks being more sensitive to variations in the initial tem-
perature measurements while Type 4 tanks are more sensitive
to variations in the temperature measurement of the flow
stream at the station. 10K errors 1n the initial temperature
measurement leads to 6K errors in 15, ; for both Type 3 and
Type 4 tanks. 10K errors 1n the hydrogen temperature mea-
surement at the station (used for the average enthalpy
approximation) lead to I, ,; error of 6K for Type 3 tanks and
8K for Type 4 tanks. 10% errors in the calculated MC coet-
ficients lead to errors of around 3K (and 3K represents
approximately a 1% error in the density of hydrogen). These
results demonstrate that the MC Method has significant
robustness to accurately describe vehicle fueling over arange
of conditions and suppress the effect of input errors.

[0145] As detailed above, utilizing the MC Method {for

refining Fueling Protocols can improve fueling performance.
Although an ID Fill fueling protocol was discussed supra, the
MC Method may also be applied to conventional non-com-
munication fueling operations, as well as full communication
tueling operations, as currently defined in SAE TIR J2601. A
comparison of fueling methods 1s shown 1n FIG. 22, which
highlights the benefits that could be expected to tlow from
incorporating the MC Method into all three types of fueling
(1.e., ID Fill, Non-Commumcation and Full-Communica-
tion). These benelits are further elaborated upon 1n the dis-
cussion provided inira.

[0146] In an ID Fill configuration, the fueling process is
better adapted to the tank that 1s being fueled, thus tending to
provide reduced fueling time and increased SOC within the

bounds of the uncertainties of the 1nitial conditions of the tank
and the measurements at the station. The fueling process 1s
also better adapted to the station’s real time capabilities,
thereby increasing operational flexibility and avoiding the
rigid, preset, tightly bounded temperature requirements cor-
responding to the various station types as defined in SAE TIR
12601. The MC Method allows the filling process to seli-
adjust to the current fueling capabilities of the station, thereby
providing the potential for simpler, more flexible and less
costly hydrogen filling stations. The flexibility of the MC
Method allows a hydrogen filling station to be “tuned” to the
current operating environment which, in turn, may allow for
increased pre-cooling temperatures while still maintaining
generally acceptable fueling times under most conditions.
The ability to run at higher pre-cooling temperatures can

improve station efficiency, lower costs and maintain customer
satisfaction.

[0147] Fueling processes incorporating the MC Method as
detailed supra could eliminate the need for the look-up tables
currently utilized for non-communication fueling 1n accord
with SAE TIR 12601, resulting 1n the same benefits as out-
lined above. The non-communication fueling operations
could include calculations of the MC Parameters of the
boundary condition tanks utilized 1n building the non-com-
munication look-up tables. When operating at the Type A
(—40° C.) or Type B (-20° C.) pre-cooling temperatures, the
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resulting range of fueling rates and pressure targets would be
expected to be substantially the same, 11 not identical, to those
defined 1n the look-up tables.

[0148] The tlexibility of the MC Method in addressing

variations in temperature and pressure would reduce or elimi-
nate the need for rigid definitions of Station Types as cur-
rently applied and would allow each station to operate more
eificiently for 1ts current environment, and to dispense fuel at
improved rates, regardless of 1its pre-cooling temperature.
Conversely, non-communication processes as defined in SAE
TIR J2601 must operate within very tight pre-cooling toler-
ances, and 11 1t falls outside them, cannot dispense fuel (result-
ing in unhappy customers) until 1ts margins are back within
the specified range(s).

[0149] The MC Method fueling process can also be utilized
with full communication fueling, resulting in a number of
benefits. SAE TIR J12601 currently defines two types of com-
munication fueling including 1) a Default method 1n which
fueling rates are the same as the non-communication fueling
rates defined 1n the look-up tables and 2) an Alt Method 1n
which a more aggressive fueling rate can be utilized 1n those
instances 1n which a vehicle Temperature Signal can be uti-
lized 1n a feedback loop to regulate the fueling rate 1n order to
suppress or avoid an overheat condition. With the MC
Method, the fueling rate 1s determined at the beginning of the
{111, yust as described above, and 1s also checked during the fill
based on the actual enthalpy of hydrogen delivered during the
f1ll. With communications fueling, the initial and transient
conditions can be more tightly defined, giving even better
results. Incorporation of the MC Method would mean that the
Default and Alt Methods would no longer be needed—a
single communications fueling protocol could be defined and
it would be adapted for the vehicle being fueled and the
fueling conditions.

[0150] From a safety standpoint, the MC Method allows an
additional cross check on the Temperature Signal recerved
from the vehicle. Because the station can calculate the
expected temperature from the MC parameters and delivered
enthalpy, 1t can cross reference this with the temperature
signal from the vehicle. The temperature signal at the begin-
ning of the fill procedure 1s generally constant so by using the
actual measured 1nitial temperature and the characteristic MC
parameters, the vehicle fueling protocol can be fully defined,

and higher quality fill results can be achieved (as reflected 1n
both SOC and fill time).

[0151] The MC Method Fueling Protocol can be utilized
comprehensively by the station, for Identification Fueling,
Non-Communication Fueling and Full Communication Fuel-
ing, resulting in a {ill protocol that i1s better adapted to the
current capabilities of both the vehicle and the hydrogen
filling station capabilities and takes 1nto account the current
operating environment to achieve higher quality fills.

[0152] An aspect of using the MC Method 1s the accurate
prediction of the mass average enthalpy that will be delivered
to the tank during a refueling procedure or event. As shown in
FIG. 21, a 10K error 1n the mass average temperature can
result in a 6K to 3K error 1n 14, so 1t 1s 1important to
accurately predict the enthalpy of the upcoming fill. In con-
nection with the MC Method testing, a Runge-Kutta approxi-
mation was developed for average hydrogen enthalpy at the
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nozzle from stations using pre-cooling as illustrated below in

Equation [12].

( h(TpFEﬂDDﬁHg! (PSI-:HEDH.’HEI) +

PsuationFinal — Pstationtnit
A Tprfﬂoﬂﬂnga PSI&IEGH.’HEI + A

\ 2 J

( PsiationFinat — Pstationtnit
h Tprfﬂmﬁnga PSMIEGH.’HEI + A4 +

PSI&IEGHFEHG! - PSIGIEDH.’HEI )

h(Tprﬁﬂﬂﬂﬂﬂga (PSTHTEC’HIJHET + 2 4

_|_
R 2 y
E = —| s P i : — P : : !
StationFinal Stationtnit
4 h(Tprecmﬁngﬁ (PSMIEDH.’HEI +2 A4 ) +
PSrr' Fi .!_PSrr' Init
h(Tprﬁ'cﬂﬂﬁnga (Psrariﬂnfnir +3 —— 1-’1'1?4 — )
_|_
\ 2 /
( PSMI‘EDHFEHGJ - PSI‘GFEHG.’HEI‘ )
h(Tpi’EﬂDﬂﬁﬂgﬁ (PSMIEDH.’HEI +3 4 ) +
P StationFinal — P Stationlnit
h(Tprfcﬂﬂﬁnga (PSMI‘EGH.’HEI‘ +4 A4 )
BN 2 J
Where
[0153]
T precooting—LXPected Precooling Temperature
PSrarianfnir:PI'Hir+&PSmfrianfnir:IHitial HydI'DgE?Il Tank
Pressure+Initial Staiton Pressure Drop
PSrarianFinczf:PFinaﬁ&PSrﬂriaannﬂf:Final Hydmgen
Tank Pressure+Final Station Pressure Drop
' . . _ D
[0154] During testing, it was found that AP, .. =5 MPa

if the 1mitial tank pressure was 2 MPa, 2 MPa 11 the initial tank
pressure was 17 MPa, and 1 MPa at higher initial pressures.
AP, . .. .wasassumedtobe 1l MPain all cases. Therefore,
the algorithm may be modified to retlect, more accurately, the
conditions and performance of a particular station. In an
illustrative example, the station builder or operator may
modily the algorithm to more accurately reflect the condi-
tions and performance of the station.

[0155] During several test fills, deviations were noted
between the pre-cooler output temperature and the actual
temperature delivered at the nozzle. These deviations tended
to follow a relationship with mass flow rate and pre-cooling,
level as 1llustrated in FIG. 23. In general, the higher flow rates
and/or larger differences between the pre-cooling and ambi-
ent temperatures will be reflected 1n greater temperature
deviations between the nozzle temperature and the pre-cooler
set temperature. Therefore, such factors can be taken into
account in the MC Method. In a non-limiting example, each
station builder or operator may determine this relationship(s)
tor the range of expected operating conditions and parameters
in order to select an appropriate pre-cooling level that will
typically provide customer friendly refueling times. This
tflexibility 1s one of the benefits of the MC Method—it allows
the station to calculate the appropriate fill time for a particular
pre-cooling temperature based on the conditions of that fill
and the capabilities of the tank 1itself.

[0156] The algorithms utilized 1n practicing the MC
Method are provided below. As the vehicle approaches the
hydrogen filling station, the vehicle provides the station, via
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RFID, IRDA or other communication method, parametric
data for a MC Method fill procedure. The parametric data can
include, for example:

[0157] NWP

[0158] 'Tank Volume (or the station can calculate 1t with
a pressure pulse)

[0159] Hot Soak Assumption

[0160] Cold Soak Assumption

[0161] Constants of MC Equation

[0162] Other parameters as desired (Max Temp Allowed,

Fastest F1ll Rate Allowed, Max p,, ., Allowed, etc.)
[0163] Even if none of the parameters are communicated,
the station can use the MC Method to conduct the fill by

utilizing default Constants of the MC Equation as derived
from SAE TIR J2601, and the default Hot Soak, Cold Soak

assumptions of SAE TIR J2601.
[0164] Step 1—Calculate the Fueling Time Using Hot Soak
Assumption

Tinir = fgmpient T &Thm

Ar=10

Minir = V X Pinitiat Dinitiats Pinitiat)
Moy =V X Prarget

Madd = Mey — Minitiai

Uinitial = Uinital Tinitiat > Pinitiat)

B Zmaddhi(Ta P)

hﬂ'l-’ff"ﬂgf -

Madd

Minitiat Winitial + Madd haver&ge

Uadiabatic = m
cv

Tadfabariﬂ — T()Ol‘ﬂf‘gfh Padiabariﬂa ”adiabaric)

adiabatic

MC=C+A

+ g(l _ E—k&l‘).ﬂ’.
init
Moy Oy T adiabatic ¥ MCTisial
(MC +m,C,)

Final =

[0165] IfT,
S.

[0166] Iterate from the top of Step 1.

[0167] As apractical measure, P_,. . . can be assumed to
be the MAWP with only a very small error, since internal
energy has a very weak relationship with pressure.

[0168] Step 2—Calculate the Pressure Target Using Cold
Soak Assumption

>85C (or other user specific limit), At=At+10

ricel

Tinir — Tambifnr — &Tﬂﬂ.'fd
Minit = V X Oiniriat Tinitiat» Pinitial)
Madd = Moy — Minitial

Uinitial = Winitial Linitiat> Pinitial)

Z Madd M(T,P)
add

havemge —
m

MinitiaiUinitial T Madd hawer&ge

Uadiabatic = "
cy

Tadiabatic = T(Prargers Padiabatic » Yadiabatic)
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-continued

Uﬂ' iabatic '
MC = C+ AS4 kA1 S

+g(l-e
init
Moy Cy Ladiabatic + MCThisal
(MC+m.C,)

I riyat =

PTargEr — P(pmrgﬁa TFinﬂ.{) and Prarget = 100% SOC

_ PTargfr - Pinir
R TT
[0169] Step 3(if Necessary)—Calculate the Expected
Result
Linit = Tombient

Minit = V X Piniriat Tinitiat» Pinitial)
Mey =V X Prarget
Madd = Mgy

— Minitial

Uinitial = Uinitial Linitiat» Pinitial)

Z Madd MA(T P)
add

hawer&ge —
i

Minitiat Winitial + Madd havemge

Uadiabatic = ”
CV

Tadiabaric — T()Ofﬂf‘gfh P adiabatic » Hadiabaric)

MC=C+ A adiabatic —k&r)i

+g(l —e

init
Moy Oy T adiabatic + MCT isia
(MC+m_,C,)

PTargEr — P(pl“ﬂf’gﬁa 1 Finat)

[t PTargE > PTargErCﬂidSﬂaka PTarget = FTarget — 0.001 g/L

T Final =

[0170]

[0171] A hydrogen station can maintain a database of MC
parameters that have been communicated to the station, and
use the lowest performing MC parameter, tank volume, and
lowest 1mitial SOC % historically observed, to set the pre-
cooling temperature for the system in order to achieve a fast
tueling rate given ambient temperature. In this way a station
can keep the pre-cooling temperature set at an economically
optimal level.

[0172] Although the MC Method was developed and has
been described with an emphasis on filling vehicle hydrogen
tanks at hydrogen filling stations, modification of the MC
Method to improve its performance in connection with fuel-
ing hydrogen busses or fueling systems with cryogenic gasses
or liquids 1s certainly contemplated. Similarly, i1t 1s antici-
pated that the basic MC Method could readily be adapted for
use 1n conjunction with compressed natural gas vehicle fuel-
ing, or fast filling of vessels mvolving any industrial gas
and/or for calculating the resulting temperature of any pro-
cess 1n which a pressurized gas 1s injected into a pressure
vessel. The applicability of the MC Method and the associ-
ated constants reflecting the thermodynamic properties and
behavior for other processes can be determined by applying a

similar test matrix as set out above in connection with com-
pressed hydrogen tank refueling for automobiles.

Iterate From the Top of Step 3.

12
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We claim:

1. A method of filling a compressed gas tank comprising:

calculating a hot soak initial temperature T,,., .. for an
initial mass of gas within the tank;

determining a projected fill time using T, .. that 1s pre-
dicted to produce a gas final temperature T, ,; no greater
than a target temperature T;

calculating a cold soak 1nitial temperature T, .. for an
initial mass of gas within the tank;

determining a target pressure P, .. using T,,;, that 1s
predicted to produce a state of charge of 100% within the

tank; and

delivering gas to the tank at a pressure ramp rate that will
achieve P at the projected fill time.

rtargel

2. The method of filling a compressed gas tank according to
claim 1, wherein:

the step of determining the fill time further comprises

calculating a composite heat capacity value MC accord-
ing to at least one of the equations

adiabatic

U
MCU., 1) = C+Aln[\/ -

and

]+g(1 _ E—mr)j

initial

Uﬂ iabatic '
MC(U, r):C+A( dichat ) ~kity)

+g(l—e

initicl

wherein C, A, g, k and j are constants specific to the tank,
U. .. . represents the mitial internal energy of the mitial
volume of gas and U_,. . . represents the adiabatic
internal energy of a final mass of gas after filling the

tank.

3. The method of filling a compressed gas tank according to
claim 1, wherein:

the step of determining the fill time further comprises
calculating an 1nitial mass m,, . ;

TF2Ll?

calculating an additional mass m_, , , necessary to achieve
the state of charge of 100% within the tank;

calculating the initial internal energy U, .. .

I

estimating the average enthalpy b, .. t0 be delivered

to the tank with the additional mass;

calculating an adiabatic internal energy U and an

adiabatic temperature T _ . , . :

adiabalfic

calculating a composite heat capacity value MC accord-
ing to at least one of the equations

adiabatic

U
MCWU., 1) = C+A£n[\/ 7

and

]+g(1 . E—mr)j

initicd

MCWU.D=C+A ~kAryJ

Uaia ic
( diabat )+g(l—f

initial

wherein C, A, g, k and 1 are constants specific to the tank.

4. The method of filling a compressed gas tank according to
claim 3, further comprising;:

determining the values C, A, g, k and j for the tank.
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5. The method of filling a compressed gas tank according to
claim 1, wherein:

the step of determining the target pressure P
comprises
calculating a composite heat capacity value MC accord-
ing to at least one of the equations

further

rtargel

Ua iabatic _ '
MC(U, 1) = C+Azn[\/ Ud bt ]+g(l _ g kAt

initial
and

MCWU.D=C+A ~kAryJ

Ua iabatic
( diabat )+g(1—£

initicl

wherein C, A, g, k and 1 are constants specific to the tank,
U. .. .represents the imitial internal energy of the mnitial
volume of gas and U_ .. . . represents the adiabatic
internal energy of a final mass of gas after filling the

tank.
6. The method of filling a compressed gas tank according to
claim 1, wherein:
the step of determining the target pressure P
comprises
calculating a cold 1nitial mass m,_,,~;
calculating an additional mass m_ , ,necessary to achieve
the state of charge of 100% within the tank;
calculating the initial internal energy U. .. .
estimating the average enthalpy h to be delivered
to the tank with the additional mass;:

average
calculating an adiabatic internal energy U
adiabatic temperature T _ . . .. ; and

calculating a composite heat capacity value MC accord-
ing to at least one of the equations

further

rtargel

and an

adiabartic

Ua 1abatic _ '
MC(U., 1) = C+A£n[\/ diabat ]+g(l Y

initial
and

—kAENS
)

Ua iagbatic
diabat )+g(1—f

MCWU. D =C+ A(

initial

wherein C, A, g, k and 1 are constants specific to the tank.
7. The method of filling a compressed gas tank according to
claim 4, wherein:
the step of determining the values C, A, g, k and j for the
tank further comprises
performing a plurality of test fills of the tank to a state of
charge of 100% at a target fill time, wherein the test
f1lls encompass a plurality of 1imitial fill pressures and
a plurality of pre-cooling temperatures;
calculating an end-oi-1ill MC for each test fill according
to the equation

Mo Uadiabatic — Y final)
MC = fmal

(1 finat — Linisiat)

plotting MC againstU_ .. . . /U. .. .and performing a
best fit to determine the constant, C, and coeflicient, A
of the resulting curve.
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plotting AMC against At (time—-target {11l time) and per-
forming a best {it model to the resulting curve to
determine the coellicients g, k and 1 for the equation:

AMC=g(1-e "%y,

8. The method of filling a compressed gas tank according to
claim 7, wherein:

a first 1mitial pressure represents a state of charge of less
than 10% within the tank; and
a first pre-cooling temperature 1s an ambient temperature.
9. The method of filling a compressed gas tank according to
claim 8, wherein:

a second 1nitial pressure represents a state of charge of
about 50% within the tank; and

a second pre-cooling temperature 1s less than 0° C.

10. The method of filling a compressed gas tank according
to claim 7, wherein:

a first ini1tial pressure 1s 2 MPa and a second 1nitial pressure
represents a state of charge of at least about 50% within

the tank; and

a first pre-cooling temperature 1s an ambient temperature
and a second pre-cooling temperature 1s —20° C.

11. A method of refueling a hydrogen tank on a hydrogen

powered vehicle comprising:

calculating a hot soak mnitial temperature T, .. for an
initial mass of gas within the tank;

determining a projected fill time using T ,,,, .. that 1s pre-
dicted to produce a final hydrogen temperature 15, ; no
greater than a target temperature T;

calculating a cold soak 1nitial temperature T, .. for an
initial mass of gas within the tank;

determining a target pressure P, using T, . that is
predicted to produce a state of charge of 100%; and

delivering gas to the tank at a pressure ramp rate that will
achieve P, ., at the projected fill time.

12. A method of operating a hydrogen gas filling station

comprising;

obtaining a first set of parametric data corresponding to a
hydrogen powered vehicle;

obtaining a second set of parametric data corresponding to
station capabilities;

obtaining a third set of parametric data corresponding to a
refueling ambient;

calculating a MC value based on the parametric data
obtained: and

determining a projected fill time that 1s predicted to pro-
duce a gas final temperature T, ,no greater than a target
temperature T and achieve a state of charge of 100%
within the tank according to Equation [B]

Moy Cy Tadiabatic + MClnitiar -
(MC +m.,C,)

T rinat =

and
determining a target pressure P, that is predicted to
produce a state of charge of 100% within the tank.

13. The method of operating a hydrogen gas filling station
according to claim 12, wherein:

the first set of parametric data 1s obtained directly from the
hydrogen powered vehicle using a communication pro-
tocol selected from a group consisting of RFID, HVAS

and IRDA.
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14. The method of operating a hydrogen gas filling station
according to claim 12, wherein:
the first set of parametric data 1s obtained by identifying the
hydrogen powered vehicle and accessing a parametric
database maintained outside the vehicle.
15. The method of operating a hydrogen gas filling station
according to claim 12, wherein:
the first set of parametric data 1s assigned default values
and
determining an adjusted final target density suilficient to
achieve the P, at the I, ..
16. The method of operating a hydrogen gas filling station
according to claim 12, wherein:
the first set of parametric data includes at least one param-
cter selected from a group consisting of nominal work-
ing pressure, tank volume, refueling history, time stamp
of last refueling, trip odometer value, mitial hydrogen
mass, 1nitial gas temperature, maximum hot soak tem-
perature, maximum cold soak temperature, maximum
defueling rate and maximum fueling rate.
17. The method of operating a hydrogen gas filling station
according to claim 12, further comprising:
maintaiming first and second hydrogen fill assemblies, the
first hydrogen fill assembly operating at a first pre-cool-
ing temperature and the second hydrogen assembly
operating at a second pre-cooling temperature, the first
and second pre-cooling temperatures not being equal;
analyzing the first set of parametric data; and
directing the hydrogen powered vehicle to the hydrogen fill
assembly that can more efliciently provide a state of
charge of 100%.
18. The method of operating a hydrogen gas filling station
according to claim 12, further comprising;:
calculating a target pre-cooling temperature suificient to
achieve a 3-minute fueling time using parametric infor-
mation selected from a data set consisting of vehicle
fueling history, tank volume, lowest historical initial
state-of-charge percent, lowest historical tank MC
value, and ambient temperature;
setting and maintaining a hydrogen fill assembly at the
target pre-cooling temperature for the duration of a
vehicle refueling operation.
19. The method of operating a hydrogen gas filling station
according to claim 12, further comprising:
predicting a defueled system temperature for a combined
system heat mass;

Settlng TFiﬂaZDequZCGZd; aﬂd
initiating refueling using T4, .15 0p01c014-

20. The method of operating a hydrogen gas {ill station
according to claim 12, further comprising:
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obtaining a first subset of the first set of parametric data, the
first subset corresponding to parametric data associated
with a first hydrogen tank onboard the hydrogen pow-
ered vehicle;

obtaining a second subset of the first set of parametric data,

the second subset corresponding to parametric data
associated with a second hydrogen tank onboard the
hydrogen powered vehicle;

calculating 1, ., using the first subset of parametric data

and T4, ;> using the second subset of parametric data;
using the greaterot'1,,,;,, and T, ,;» to tdetermine a target
fueling speed; an

using the lesser of j and 1 4002 detormine Prarger

21. The method of operating a hydrogen gas fill station
according to claim 12, further comprising:

imitiating a hydrogen gas fill;

adjusting the second set of parametric data during the

hydrogen gas fill to retlect measured station perfor-
mance;

adjusting the MC value during the hydrogen gas fill to

reflect vanations 1n the first set of parametric data and
measured fill performance data;

calculating an adjusted fill time and P,,,, .., to reflect adjust-

ments in the second set of parametric data and MC value;
and

using the adjusted fill time to control the fill speed and end

of fill conditions.

22. The method of operating a hydrogen gas {fill station
according to claim 17, wherein:

the more efficient hydrogen fill assembly provides a benefit

selected from a group consisting of reduced fueling
time, higher state-of-charge percent, increased pre-cool-
ing temperature, reduced energy consumption and com-
binations thereof.

23. The method of operating a hydrogen gas filling station
according to claim 12, the step of obtaining a first set of
parametric data corresponding to a hydrogen powered vehicle
turther comprising:

retrieving refueling time stamp data for the hydrogen pow-

ered vehicle.

24. The method of operating a hydrogen gas filling station
according to claim 23, wherein:

the refueling time stamp data 1s retrieved from a HVAS

RFID tag associated with the hydrogen powered vehicle.

25. The method of operating a hydrogen gas filling station
according to claim 23, wherein:

determining an elapsed time from the refueling time stamp

data; and

adjusting fueling speed to allow for a higher refueling

speed for a longer elapsed time.
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